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Abstract 
The need for a simple but rigorous seismic assessment procedure to predict damage to reinforced 
concrete buildings during a seismic event has been highlighted following the Canterbury Earthquake 
sequence. Such simplified assessment procedure, applied to individual structure or large building 
inventory, should not only have low requirement in terms of input information and involve 
straightforward analyses, but also should be capable to provide reliable predictive results within short 
timeframe.  
This research provides a general overview and critical comparison of alternative simplified 
assessment procedures adopted in NZSEE 2006 Guidelines (Assessment and Improvement of the 
Structural Performance of Buildings in Earthquakes), ASCE 41-13 (Seismic Evaluation and Retrofit 
of Existing Buildings), and EN: 1998-3: 2005 (Assessment and Retrofitting of Buildings). Particular 
focus is given to the evaluation of the capability of Simplified Lateral Mechanism Analysis (SLaMa), 
which is an analytical pushover method adopted in NZSEE 2006 Guidelines. The predictive results 
from SLaMa are compared to damages observed for a set of reinforced concrete buildings in 
Christchurch, as well as the results from more detailed assessment procedure based on numerical 
modelling. 
This research also suggests improvements to SLaMa, together with validation of the improvements, to 
include assessment of local mechanism by strength hierarchy evaluation, as well as to develop 
assessment of global mechanism including post-yield mechanism sequence based on local mechanism. 
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C = concrete 
DIR = direction 
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GLV = ground level 
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CHAPTER 1 Introduction 
Canterbury (Christchurch) region was severely struck by a series of earthquakes, 4 September 2010 
Mw 7.1 Darfield (Canterbury), 22 February 2011 Mw 6.2 Christchurch (Lyttelton) earthquake, 22 
June 2011 Mw 6.0 Christchurch aftershock, and many lower-magnitude aftershocks. In the most 
catastrophic 22 February event, a large number of reinforced concrete buildings in the Christchurch 
Central Business District (i.e. CBD, defined by the four major avenues, Bealey, Fitzgerald, 
Moorhouse and Deans) were severely damaged, leading to 182 fatalities, 135 of which were the most 
unfortunate consequences of the complete collapse of two mid-rise reinforced concrete buildings.  
Following the 22 February earthquake, field damage reconnaissance was immediately carried out by a 
structural research group from University of Canterbury, directly contributing to the emergency 
response and recovery activities under the purview of Civil Defence (CD), Ministry of Civil Defence 
and Emergency Management (MCDEM), Christchurch City Council (CCC). The reconnaissance was 
carried out in conjunction with Christchurch City Council (CCC)’s Building Safety Evaluation (BSE) 
process, following the NZSEE guidelines, and were only limited to multi-storey reinforced concrete 
buildings. The information obtained from the reconnaissance was recorded in CHCH CBD Database 
(or the further Refined Database, discussed in Chapter 6), providing an important source of 
information for academic researches. 
Given the magnificent social and economic impacts caused by the earthquakes, urgent actions are 
required in aiming to remedy structural deficiencies that have been confirmed or newly discovered 
following the sequence of the earthquakes since 4 September 2010. For the pre70s (including 1970s) 
reinforced concrete buildings, one of the critical deficiencies confirmed is that these buildings lacked 
capacity design principles at local level (i.e. subassembly level, inadequate hierarchy of strength) and 
at global level (i.e. weak-column-strong-beam mechanism or soft-storey prone), as shown in Figure 1- 
1. Corresponding to this critical deficiency of the pre70s structures, severe joint damages and column 
sidesway mechanisms were observed after the seismic events. For the post 70s reinforced concrete 
buildings, as computer programmes for structural analyses have been significantly developed and 
become much greater use, the buildings of this period were designed and constructed with much more 
complex configurations and load paths. Hence, structural deficiencies due to plan or vertical 
irregularity, insufficient load paths, lack of redundancy, constraint of displacement (i.e. drift or 
ductility) capacity can be anticipated, as shown in Figure 1- 2. The damages observed were found to 
be consistent with these deficiencies. For the most of the damaged buildings from all periods, it has 
been found that the inadequacy in structural reinforcing detailing exists, for instances, lack of stirrups 
in joint regions or in columns, inadequate confinement in boundary regions of columns and walls, 
insufficient detailing for lap splices and anchorages, use of plain round bars pre 1970s, etc. Other 
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structural deficiencies, lack of displacement compatibility considerations (e.g. beam-elongation and 
tearing-unseating of the flooring units, inefficient diaphragm action, potential collapse of interior 
gravity columns at low drift level, etc.), complex and dangerous interaction with heavy non-structural 
elements, weak foundation, inadequate material properties, have also been identified during the 
building reconnaissance. The critical structural deficiencies are summarised in Table 1- 1, and more 
details illustrated by structural drawings and photos of observed damages are presented in Appendix 
A10. More details associated with the observed damages are shown in Section 6.2. 
 
 
Figure 1- 1: Structural drawings of two pre 1970s buildings showing “weak-column-strong-beam” and 
inadequate reinforcing detailing of structural components (e.g. beams and columns) 
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          (a)
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(b) 
(c) 
(d) 
Figure 1- 2: Study of a 1980s building showing deficiencies due to (a) irregularity in elevation; (b) irregularity 
in plan; (c) insufficient load path; (d) lack of reinforcing detailing of structural components (e.g. structural wall) 
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Table 1- 1: Summary of structural deficiencies and observed damages (see Section 6.2 and Appendix A10) 
Year of 
Built 
Components 
or Global 
Structure 
Structural Deficiencies Observed Damages 
Pre70s 
(incl.70s) Beams 
Poor confinement and shear 
reinforcement in beams 
Flexural or shear type of damages to 
beams 
Inadequate anchorage (Shown in Joint part) 
Inadequate splice detailing Beam failure at splice 
Use of plain round bars Slip of reinforcing bars, failure of 
beams 
Pre70s 
(incl.70s) Joints 
Absence of horizontal and/or vertical 
transverse reinforcement 
Damage to joint area 
Inadequate anchorage of beam 
longitudinal bars into the joint 
Damage to joint area 
Lack of reliable joint shear transfer 
mechanism beyond diagonal cracking 
- use of plain round bars 
Slip of reinforcing bars, failure of joints 
Pre70s 
(incl.70s) Columns 
Inadequate confinement at the plastic 
hinge. Not all of the bars of the 
longitudinal reinforcement are 
confined with stirrups. 
Shear failure of the column at the 
plastic hinge 
Buckling of the longitudinal 
reinforcement at the plastic hinge 
Inadequate shear reinforcement Failure of the columns due to significant 
decrease in the flexural capacity of the 
plastic hinge 
Column shear span shortening due to 
masonry infills 
Column shear span shortening due to 
stiff facade non-structural elements 
Shear failure of the columns due to 
short-column phenomenon 
Relocation of the plastic hinge in 
columns due to stiff non-structural 
elements 
Flexural cracks along a length greater 
than the expected plastic hinge length 
Pre70s 
(incl.70s) Walls 
Inadequate longitudinal 
reinforcement, i.e. single-layer 
Buckling of wall 
Poor confinement and shear 
reinforcement in walls 
Wall boundary zone compression 
crushing and buckling failure 
Inadequate lap splice detailing Buckling failure 
Excessive wall slenderness ratio 
(wall height-to-thickness ratio 
Buckling failure 
Pre70s 
(incl.70s) 
Global 
Structure 
Lack of capacity design: weak-
column-strong-beam mechanism, 
soft-storey prone 
Severe damages to columns or joints, 
and soft-storey mechanism 
Post80s 
(incl.70s) Beams 
Beam elongation and precast floor 
diaphragm failure 
Failure of diaphragm  due to loss of 
seating support 
Post80s 
(incl.70s) Columns 
Lap-splicing with not enough length 
and confinement. More often away 
from the plastic hinge region 
Damages due to the compromised 
continuity of the element 
Not enough confinement at the 
plastic hinge region of columns with 
high axial load ratio 
Shear-axial failure of columns 
Not enough transverse reinforcement 
in circular columns to resist torsion 
Torsional cracks 
Post80s 
(incl.70s) Walls 
Irregular shapes Out-of-plane damages 
Inadequate confinement Crushing, spalling of concrete; bar 
buckling; out-of-plane failure 
Post80s 
(incl.70s) 
Global 
Structure 
Plan irregularity Damages due to torsional effect to 
components 
Vertical irregularity Column sidesway mechanism 
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Given the target of remedying the structural deficiencies, apart from that New Zealand seismic design 
provisions need to be improved, seismic assessment guidelines also need to be reviewed and 
improved. A robust assessment procedure should be able to achieve the objectives shown as following, 
at both pre-earthquake and post earthquake stages: 
Pre-earthquake Stage: (Vulnerability Examination and Remediation) 
 To predict how prone the structure to damage under different seismic levels 
 To help to determine strengthening solutions for the structure 
Post-earthquake Stage: (Damage Investigation and Retrofit/Rebuilt) 
 To investigate to what level the structure was damaged during the seismic event 
 To help to determine retrofitting schemes applied to the structure 
 To provide vital information for loss and risk estimation 
It has been acknowledged that in the assessment of a large building inventory (e.g. the CHCH RC 
Building Database, or the Refined Building Database), the application of comprehensive assessment 
procedures may require considerable amounts of time and research efforts to collect and compile data, 
funds to back up the research and study, and powerful computing or analysing tools. Under some 
circumstances where the available data, time, money or computing tools are limited to some extent, 
comprehensive assessment procedures may become impractical and unjustified. Therefore, simplified 
procedures retaining the virtues of the comprehensive procedures are preferred. Compared to 
comprehensive procedures, simplified procedures indeed show great advantages in less requirement 
of input information, great saving in time and money, and may adopt much simpler analysis 
approaches. However, the problem of feasibility and efficiency of such procedures arises; thereby, the 
focus of this research – evaluation of simplified seismic vulnerability assessment procedures – is 
brought about. 
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CHAPTER 2 Research Objectives and Scope 
The objectives of this research are stated as following: 
 To provide general overviews and critical comparisons of alternative assessment procedures 
from NZSEE 2006, ASCE 41-13, EN1998-3: 2005, NTC 2008, ATC 40, ATC 50, DBELA 
(see Chapter 3, Appendix A4) 
 To provide general overviews and critical comparisons of the adopted analysis approaches in 
assessment, e.g. Linear Static Analysis (i.e. Linear Elastic Analysis, LSP, LEA), Linear 
Dynamic Analysis (i.e. LDP), Simple Lateral Mechanism Analysis (i.e. SLaMa), Nonlinear 
Static Analysis (i.e. Lateral Pushover Analysis, NSP, LPA), and Nonlinear Dynamic Analysis 
(i.e. Time History Analysis, NDP) (see Chapter 4, Appendix A5) 
 To propose improvements and modifications to the current NZSEE 2006 Guidelines, 
especially to simplified analytical approaches (see Chapter 5, and Appendix A1, A2, A3) 
 To provide a study of Christchurch reinforced concrete buildings (see Chapter 6) 
 To evaluate the capability of simplified analytical approaches by: (1) comparison of the 
outputs from simplified approaches and more comprehensive approaches (i.e. numerical 
modelling); (2) correlation between the outputs from simplified approaches and the observed 
damages; (3) parametric study (see Chapter 7, 8, 9) 
 To indicate the use of this research, and the parts requiring future researches and 
investigations 
The scope of thesis is limited to reinforced concrete buildings only. The main focus is given to the 
frame-dominated type of structure, and only brief discussions regarding assessing shear walls are 
included. It is also worth noting that this thesis centres upon assessing capacities of reinforced 
concrete structures, and does not does not include elaborate research in assessing seismic demand. 
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CHAPTER 3 Overviews and Critical Comparison ofAssessment 
Procedures 
3.1. Introduction 
Among the various assessment procedures, simple or complicated, some of them have been codified 
with regulated steps and provided as standards or guidelines for engineers, while some are not clearly 
specified. It is vital to explore all these procedures in order to clearly define the features (together 
with advantages and disadvantages) of each procedure before making any suggestions to the current 
New Zealand assessment guidelines. It is also very essential to find out if different simplified 
assessment procedures are recommended. 
In this chapter, general reviews and critical comparison of the codified assessment procedures applied 
in New Zealand, the USA and European countries (or particularly in Italy) are presented. Apart from 
the above mentioned codified procedures, alternative assessment procedures, such as Capacity 
Spectrum Method, Simplified Deformation-based Probabilistic Assessment Procedure and so on, are 
briefly introduced. 
Table 3- 1: Summary of seismic assessment procedures (including the adopted analysis approaches) 
Code Provisions Less Detailed Assessment Level Detailed Assessment Level 
NZSEE 2006 Initial Seismic Assessment (ISA) 
Detailed Seismic Assessment (DSA) 
Adopt Linear Elastic Analysis, Simple 
Lateral Mechanism Analysis or Lateral 
Pushover Analysis (i.e. LEA, SLaMa or 
LPA) 
ASCE 41-13 
Tier 1 Screening 
Tier 2 Deficiency-Based Evaluation 
Adopt Simplified Linear Static Analysis, 
Linear Static Analysis or Linear Dynamic 
Analysis (i.e. Simplified LSP, LSP or 
LDP) 
Tier 3 Systematic Evaluation 
Adopt Linear Static Analysis, Linear 
Dynamic Analysis, Nonlinear Static Analysis 
or Nonlinear Dynamic Analysis (i.e. LSP, 
LDP, NSP, or NDP) 
EN 1998-3: 2005 
Knowledge Level 1 
Adopt Linear Static Analysis or Linear 
Dynamic Analysis (LSP or LDP) 
Knowledge Level 2 
Knowledge Level 3 
Adopt Linear Static Analysis, Linear 
Dynamic Analysis, Nonlinear Static 
Analysis, or Nonlinear Dynamic Analysis 
(i.e. LSP, LDP, NSP or NDP) 
NTC 2008 
Knowledge Level 1 
Adopt Linear Static Analysis or Linear 
Dynamic Analysis (i.e. LSP or LDP) 
Knowledge Level 2 
Knowledge Level 3 
Adopt Linear Static Analysis, Linear 
Dynamic Analysis, Nonlinear Static 
Analysis, or Nonlinear Dynamic Analysis 
(i.e. LSP, LDP, NSP or NDP) 
ATC 40  Capacity Spectrum Method 
ATC 58  PACT 
 
Displacement-Based Earthquake Loss 
Assessment Procedure (DBELA)  
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3.2. Codified Assessment Procedures 
The up-to-date assessment standards or guidelines that are applied in New Zealand, the USA, Europe 
and Italy are listed as following: 
 NZSEE 2006 Guidelines – Assessment and Improvement of the Structural Performance of 
Buildings in Earthquakes 
 ASCE 41-13 – Seismic Evaluation and Retrofit of Existing Buildings 
 EN 1998-3: 2005 – Assessment and Retrofitting of Buildings 
 NTC 2008 – Approvazione delle nuove norme tecniche per le costruzioni (Approval of New 
Technical Standards for Buildings) 
Section 3.2.1 to 3.2.4 give concise reviews of the assessment procedures stated as above. Critical 
comparisons of these codified assessment procedures are made, and the main differences are 
discussed in Section 3.3. 
3.2.1. NZSEE 2006 Guidelines (New Zealand Guidelines) 
The assessment guidelines currently applied in New Zealand – Assessment and Improvement of the 
Structural Performance of Buildings in Earthquake – provided by New Zealand Society for 
Earthquake Engineering, were developed based on the previous documents, NZSEE 1996 Green Book 
and NZSEE 2000, and the Guidelines draw together New Zealand and international knowledge till the 
time when they were issued. The Guidelines are used by engineers and practitioners to predict or 
assess the response of a building in a seismic event, thereby, to strengthen or retrofit the building 
based on the results obtained from the assessment. NZSEE Section Revision on Section 3 Initial 
Seismic Assessment was released in 2013, introducing more detailed guidelines for Initial Seismic 
Assessment and adding preliminary assessment procedures for masonry structures. It has been 
proposed that revision and modification work of other sections of the current guidelines, particularly 
Section 7 Detailed Assessment of Reinforced Concrete Structures, will be accomplished in 2015. In 
Figure 3- 1, a summary of development of the New Zealand guidelines in history is presented. 
 
 
 
Figure 3- 1: Timeline of development of NZSEE 2006 Guidelines 
 
 
NZSEE 
Documents 
(1996 Green 
Book and 2000 
Document) 
NZSEE 
Assessment 
Guidelines 
(2006) 
2013 Revision 
on Section 3 
(ISA) 
2015 
Modification 
and 
Improvement 
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In NZSEE 2006, a two-stage assessment process is recommended, shown as following: 
 Initial Seismic Assessment – ISA 
 Detailed Seismic Assessment – DSA 
ISA, commenced as the first stage of assessment process, can be applied targeting either individual 
building or a large building inventory with limited available information. At the ISA stage, only the 
fundamental building information, such as building age, importance level, location, soil type, etc. is 
required as inputs to carry out Preliminary Screening, Prioritisation Process, and Initial Evaluation 
Procedure (i.e. IEP). To conduct an ISA, no specific structural analysis is required, and only simple 
calculations and engineering decisions are adopted. ISA can provide identification of Critical 
Structural Weaknesses (CSWs) of the buildings under interest, and can also compute Percentage of 
New Building Standard (%NBS) which is used as important indicate to determine potential 
Earthquake Prone Buildings (EPB) and the need of further assessment. 
DSA, performed as the secondary stage of assessment process, is required for the buildings assessed 
as EPBs by ISA. However, it is worth recognising that DSA is also recommended for non-EPBs, 
especially for the buildings assessed as Earthquake Risk Buildings (ERB) by ISA. At the DSA stage, 
more detailed information, especially associated with the material and component properties and 
strengths, is needed as inputs to conduct structural analyses. Five analysis approaches are specified in 
the Guidelines, and the choice of analysis should depend on the level of sophistication required for the 
assessment considering objective of assessment, access of information and resources, quality of 
information, etc. Procedures for two linear approaches –Equivalent Static Analysis (i.e. LSA or LSP) 
and Modal Response Spectrum Analysis (i.e. LDP), and three nonlinear approaches – Simple Lateral 
Mechanism Analysis (i.e. SLaMa), Lateral Pushover Analysis (i.e. LPA or NSP) and Inelastic Time 
History Analysis (i.e. THA or NDP), are specified in NZSEE 2006 Guidelines Appendix 4E. Then the 
lateral seismic force and displacement capacity determined from the selected structural analysis 
should be compared to the demand computed by either force-based or displacement-based procedure. 
DSA can provide confirmation of CSWs determined by ISA, identification of CSWs not found in ISA, 
and also refinement of %NBS. 
Section 3.2.1.1 and Section 3.2.1.2 give concise reviews of ISA and DSA, respectively, and the step-
by-step procedures of ISA and DSA are presented in Appendix A4. The review and comparison of the 
analysis approaches adopted in assessment are presented in Chapter 4, and future improvements of 
NZSEE 2006 Guidelines are suggested in Chapter 6. 
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3.2.1.1. Initial Seismic Assessment (ISA) 
As stated previously, to carry out an ISA, less information is required to determine inputs, and the 
critical inputs are listed as following: 
 Building age (or year of design, or construction) 
 Building importance level determined based on AS/NZS1170.0 
 Construction type 
 Any previous strengthening and to what standard if known 
 Location of building 
 Local soil type 
 Number of storeys and estimated building height, in order to approximate fundamental period 
If multiple buildings (or a large building inventory) are considered, before initiating Preliminary 
Screening Process or Initial Evaluation Procedure, a Prioritisation Process should be carried out in 
order to identify the buildings with potentially higher risk to life and the buildings of higher 
importance to the community in the aftermath of a severe seismic event. 
Base on the information collected, for each criterion (e.g. age, importance level, construction type, 
seismic hazard, location, previous strengthening), values of prioritisation rating factors can be 
assigned, as specified in Table 3- 2. By ranking the buildings according to the product of the 
determined rating factors, the buildings of higher priority that require formal initial seismic 
assessment can be identified. More details concerning the prioritisation procedure are shown in 
Appendix A4. 
Table 3- 2: Prioritisation rating factor (NZSEE 2006 Guidelines, 2013 Revision on Section 3, Table 3.1) 
 
 
Figure 3- 2 is taken from NZSEE 2006 Guidelines (2013 Revision on Section 3) to illustrate the 
overall process of ISA. In sections 3.2.1.1.1 and 3.2.1.1.2, general reviews of Preliminary Screening 
and Initial Evaluation Procedure are presented, with more details shown in Appendix A4. 
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Figure 3- 2: Diagrammatic representation of Initial Seismic Assessment process (NZSEE 2006 Guidelines, 2013 
Revision on Section 3 Figure 3.1) 
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3.2.1.1.1. Preliminary Screening 
Based on past experience and without entering into formal assessment process, screening of structures 
can be performed to preliminary identify potentially EPBs. By only applying Preliminary Screening, 
unreinforced masonry buildings without previous strengthening can be decided as potentially EPBs. 
Also only by Preliminary Screening, timber framed structures without heavy roofs and located on flat 
sites with less than 600mm height of ground floor, and post 1976 buildings of importance level 1-3, 
can be decided as potentially not EPBs. To assess other types of structures, more sophisticated 
assessment procedures are required. 
It is worth noting that even if a building is assessed to be non-EPB by Preliminary Screening, the 
possibility of the existence of CSWs still needs to be considered, as the existence of CSWs may lead 
to a sudden, non-ductile partial or global failure. For examples, in some post 1976 buildings, 
structural deficiencies may exist due to complex configurations, transfer structured systems, offset 
columns, inadequate components (e.g. diaphragms, infilled walls, stairs, bracings, etc.) and 
insufficient ductility detailing.  
3.2.1.1.2. Initial Evaluation Procedure 
 
Figure 3- 3: Excel spreadsheet of IEP (Page 1-2) (NZSEE2006, 2013 Revision on Section 3) 
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Initial Evaluation Procedure (IEP) is adopted in NZSEE 2006 Guidelines (2013 Revision on Section 3) 
as the formal initial seismic evaluation procedure. IEP identifies potential CSWs, and determines EPB 
based on the calculated %NBS values. The excel spreadsheets with detailed IEP steps and calculations 
are shown in Figure 3- 3, and a flowchart of the procedure is provided as Figure 3- 4. 
 
Figure 3- 4: Diagrammatic representation of Initial Evaluation Procedure (NZSEE 2006, 2013 Revision on 
Section 3, Figure 3.2) 
The critical steps of IEP are summarised in the following paragraphs, and more details can be found 
in Appendix A4. The limitations of applying IEP are discussed in the end of this section. 
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 Collect general information 
 Determine baseline percentage of new building standard (%NBS)b: ሺ%NBSሻ୬୭୫ = A × B × C × D ሺ%NBSሻୠ = ሺ%NBSሻ୬୭୫ × E × F × G × H × I= ሺ%NBSሻ୬୭୫ × ͳNሺT, Dሻ × (ͳZ  or ZଵଽଽଶZ ) × IR଴R × ሺɊ or ͳሻ × ͳS୮ 
A~I are factors associated with strengthening, year of design, soil type, fundamental period, 
near fault effect, hazard, return period, ductility, and structural performance. The 
determination of these factors are seen in NZSEE 2006 Guidelines (2013 Revision on Section 
3) and the IEP Excel Spreadsheet. Table 3- 3, Table 3- 4, Table 3- 5and Figure 3- 5provide 
guidance regarding the determination of current return period factor, ductility factor and 
performance factor. 
Table 3- 3: Return period factor, R (NZSEE 2006 Guidelines, 2013 Revision on Section 3 Table 3A.1) 
 
Table 3- 4: Maximum ductility factors in IEP (NZSEE 2006 Guidelines, 2013 Revision on Section 3 Table 3A.2) 
 
Table 3- 5: Ductility scaling factor, H (NZSEE 2006 Guidelines, 2013 Revision on Section 3 Table 3A.3) 
 
 
Figure 3- 5: Structural performance factor, Sp (NZSEE 2006 Guidelines2013 Revision on Section 3 Figure 
3A.2) 
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 Determine performance achievement ratio (PAR) PAR = A × B × C × D × E × F 
A~F are factors associated with potential CSWs, e.g. plan and vertical irregularity, short 
columns, pounding, height difference, site characteristics, etc.  
Table 3- 6: Guide to severity of CSWs (NZSEE 2006 Guidelines, 2013 Revision on Section 3 Table 3A.4) 
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As shown in Table 3- 6, values of factors A to E are assigned depending on the severity of 
critical structural weaknesses, i.e. severe, significant and insignificant. A compensating factor 
F is also adopted to account for any parameters that have not been considered in previous 
evaluation, based on judgment of engineers. PAR should be calculated for each orthogonal 
direction. 
 Determine the percentage of new building standard, %NBS %NBS = PAR × ሺ%NBSሻୠ 
 Determine if the building is EPB or ERB, and give provisional grading 
In Table 3- 7 and Table 3- 8, the determination of EPB or ERB, building grade and building 
risk based on %NBS values is summarised. More details concerning grading scheme and life-
safety risk description are given in NZSEE2006. 
Table 3- 7: Acceptance criteria of NZSEE 2006 Guidelines 
%NBS EPB or ERB NOTE 
%NBS < 34% Potentially EPB, DSA 
required 
Special care should be taken 
when %NBS = 30% ~ 34% 
34% ≤ %NBS < 67% Potentially ERB, DSA 
recommended 
Special care should be taken 
when %NBS = 65% ~ 67% 
%NBS ≥ 67% No significant earthquake 
risk 
%NBS ≥ 100%μ 
Erroneous indication 
 
Table 3- 8: Relative earthquake risk (NZSEE 2006 Guidelines, 2013 Revision on Section 3, Template Covering 
Letter – Building Owner or Tenant Commissioned IEP Table 1) 
Building 
Grade 
Percentage of New 
Building Strength 
(%NBS) 
Approx. Risk Relative 
to a New Building 
Life-safety Risk 
Description 
A+ >100 <1 Low Risk 
A 80 to 100 1 to 2 times Low Risk 
B 67 to 79 2 to 5 times Low or Medium Risk 
C 34 to 66 5 to 10 times Medium Risk 
D 20 to 33 10 to 25 times High Risk 
E <20 More than 25 times Very High Risk 
 
The limitations of IEP are recognised as: 
 IEP results can be either conservative or vice versa, and may not be truly representative of 
seismic performance of the building due to unidentified design, construction issues, or 
unrecognised CSWs. 
 Reliability of IEP depends on level of information and engineers’ judgment. 
 IEP is designed to assess the building against the ultimate limit state only. 
 IEP does not account for seismic performance of non-structural items, nor possible 
detrimental effects of neighbouring building. 
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3.2.1.2. Detailed Seismic Assessment (DSA) 
 
(Continue next page) 
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Figure 3- 6: Consolidated force/displacement based assessment procedure (with static analysis for each 
principal direction) (NZSEE 2006 Guidelines Figure 6.5) 
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(Continue next page) 
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Figure 3- 7: Assessment procedure using nonlinear pushover analysis (NZSEE 2006 Guidelines Figure 6.6) 
 
 
 
 
 
 
 
Figure 3- 8: Simplification of assessment procedures (the solid arrows indicate the progress of the current 
procedures presented in NZSEE 2006) 
The consolidated force displacement assessment procedure with static analysis for each principal 
direction is shown in Figure 3- 6, and the procedure with nonlinear pushover analysis is shown in 
Figure 3- 7. Both figures are duplicated from NZSEE 2006 Guidelines. For the purpose of 
simplification, Figure 3- 8 provides a simpler flowchart, with the solid arrows indicating the currently 
applied processes, and the dashed arrows indicating the potential improvement. Most engineers are 
more familiar with the force-based procedure, despite the fact that the displacement-based procedure 
produces more rational and less conservative outcomes, as the predictive results are more 
Determine CAPACITY (lateral load/base shear, yield and 
ultimate displacement capacity) 
Determine DEMAND from 
acceleration spectrum 
Determine DEMAND from 
displacement spectrum 
Compare CAPACITY to DEMAND 
Calculate %NBS 
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straightforwardly correlated to the deformation of the components or the structure interstorey drifts. 
Therefore, it should be suggested that the outcomes from the force-based procedure should be cross-
checked by carrying out the displacement-based procedure.  
In both procedures (force-based and displacement-based) from NZSEE 2006, it has been found that 
the procedures associated with the determination of component capacities (flexural and shear), total 
building base shear capacity and displacement capacity (i.e. yield and ultimate displacement of the 
structure) are the same. The determination of component flexural and shear capacities, in NZSEE 
2006, are specified with the consideration of slab contribution to beam strength, deterioration of bond 
due to cyclic loading, bond slip effect at lap splice, etc, according to New Zealand design code 
SNZ1995 (i.e. NZS3101:1995). In order to predict global response of the structure based on the 
assessment of components, three analysis approaches – Linear Elastic Analysis (including static and 
dynamic analyses), Simple Lateral Mechanism Analysis (based on the calculation of storey sway 
index and prediction of failure mechanism), and Nonlinear Lateral Pushover Analysis–are 
recommended. The choice of analysis approach depends on the level of sophistication required for the 
assessment considering objective of assessment, access and quality of information at material level 
and component level, availability of tools and programmes, and constraint of time and expense. With 
applying the analysis approach of the least to the most sophistication, capacity of the structure can be 
determined as only imprecise assumption to accurate approximation. With the determined ductility 
capacity, together with the ductility demand estimated from acceleration spectrum or displacement 
spectrum, %NBS can be calculated by comparing the capacity to the demand. More details regarding 
the step-by-step DSA procedure are shown in Appendix A4. 
3.2.1.2.1. Material properties 
Probable strengths of concrete and reinforcing steel should be applied in assessment, as required in 
NZSEE 2006 Guidelines. The guidelines not only define that material properties should be obtained 
from construction documents, surveys and physical testing of representative samples of materials, but 
also provide procedures to estimate material strengths in the absence of reliable information. The 
guidelines also give a very brief summary concerning the history of material strengths. More 
information regarding the determination of material properties is shown in Section 3.3.3. 
3.2.1.2.2. Component flexural and shear capacities 
As mentioned in previous, instructions to determine flexural and shear capacities of components, 
including beams, columns, joins, walls, etc. are provided on the basis of NZS301:1995 (i.e. SNZ 
1995). Therefore, it is required that the current guidelines should be updated and improved based on 
the most advanced knowledge and research. Detailed procedures associated with the determination of 
component capacities are discussed in Section 3.3.4 and Section 4.6. 
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3.2.1.2.3. Determination of global mechanism and choice of analysis approaches 
In NZSEE 2006 Guidelines Appendix 4E, five analysis approaches are specified: 
 Equivalent Static Analysis (i.e. Linear Static Analysis, LSA or LSP) 
 Modal Response Spectrum (i.e. Linear Dynamic Analysis, LDS or LDP ) 
 Simple δateral εechanism Analysis (Sδaεa, i.e. analytical “by-hand” pushover analysis) 
 Lateral Pushover Analysis (i.e. Nonlinear Static Analysis, LPA, NSA or NSP) 
 Inelastic Time History Analysis (i.e. Nonlinear Dynamic Analysis, THA, NDA or NDP) 
In DSA, three approaches from the above list are recommended to determine probable lateral seismic 
force capacity and displacement capacity, as stated in NZSEE 2006 Guidelines Section 7: 
 Linear Elastic Analysis – a linear analysis, by determining the first hinge forming in the 
structure, gives a lower bound of probable lateral force capacity (or displacement capacity) of 
the structure. 
 Simple Lateral Mechanism Analysis – an analytical (i.e. “by-hand”) pushover analysis, by 
determining the failure mechanism and computing a bilinear pushover curve, gives an upper 
bound of probable lateral force capacity (or displacement capacity) of the structure.  
 Lateral Pushover Analysis – a numerical nonlinear analysis, by determining the sequence of 
plastic hinges forming and approximating the actual nonlinear structural response, gives the 
most accurate probable lateral force capacity (or displacement capacity) of the structure 
among the three approaches. The recommended analysis programme is RUAUMOKO. 
The choice of a proper analysis approach in seismic assessment is vital, and details regarding this 
issue are shown in Chapter 9. General reviews of all analysis approaches, along with discussion on the 
differences of the same type of analyses in different codified assessment procedures are presented in 
Chapter 4.  
3.2.1.2.4. Determination of demand 
Seismic demand can be determined from either acceleration spectrum (in force-based procedure) or 
from displacement spectrum (in displacement-based procedure). Detailed procedures to determine 
demands (acceleration or displacement) are shown in Appendix A4. 
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3.2.2. ASCE 41-13 (American Code) 
ASCE 41-13, combining the three-tiered assessment procedure in ASCE 31-03 and the technical 
provisions for analytical approaches in ASCE 41-06, presents a new state of the practice in seismic 
evaluation and retrofit of existing buildings. Figure 3- 9 illustrates the development of seismic 
evaluation regulations since 1970s, along with the timeline for the issue of retrofit or rehabilitation 
standards, pre-standards and technical reports. Before the first document of seismic assessment (ATC 
14) came into act, seismic evaluation was left solely to the judgment of the engineers, and was carried 
out referring to the new building design. During 1990s, seismic assessment and rehabilitation had 
been dramatically developed, and much more detailed procedures and analysis methods were 
specified in separated documents. ASCE 41-13, however, were developed to target combining seismic 
assessment and retrofit into one document. It has not only brought consistency to assessment and 
retrofit processes, but also incorporated many technical advances occurred in past years together with 
lessons learned from many recent earthquakes. 
 
Figure 3- 9: Timeline for the development of seismic evaluation, retrofit or rehabilitation standards, pre-
standards or technical reports 
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As stated in previous, the three-tiered assessment procedure from ASCE 31-01 is retained in ASCE 
41-13, with modifications made to each tier. Figure 3- 10 illustrates the overall assessment process 
with the three tiers highlighted, and Figure 3- 11 shows a simplification of the process. 
 
Figure 3- 10: Evaluation process (ASCE 41-13 FIG. C1-1 Evaluation Process) 
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Figure 3- 11: Simplified evaluation process flowchart 
Tier 1 Evaluation, requiring minimum level of information as inputs, involves only a screening 
process of buildings with completion of a series of checklists of building configuration, structural 
components, nonstructural components, foundation, geological hazard, site conditions, etc. The Tier 1 
evaluation aims to check compliance with provisions specified in this standard (i.e. ASCE 41-13) and 
identify potential structural deficiencies. At this stage, only minimum level of analysis is needed, for 
instance, a simplified linear static procedure with simple calculations of component strength or 
stiffness. 
Tier 2 Deficiency-based Evaluation, targeting to confirm the structural deficiencies identified in Tier 
1 or to demonstrate adequacy of the structure, involves more sophisticated analyses and evaluation 
process compared to Tier 1 evaluation. If the Tier 2 evaluation procedure demonstrates the adequacy 
of the structure with respect to all of the “Noncompliant” or “Unknown” statements (i.e. the structural 
deficiencies identified) in the Tier 1 evaluation, then the building can be proved to be complied with 
the selected Performance Objective and further evaluation may not be required. However, if the 
deficiencies identified in Tier 1 are confirmed, engineers may choose to either conclude the evaluation 
then report the deficiencies, or proceed to Tier 3 to carry out a more comprehensive, systematic 
seismic assessment. 
It is worth noting that Tier 1 and Tier 2 evaluation permits to demonstrate compliance with 
performance objectives for the structural performance levels S1 (IO-Immediate Occupancy), S3 (LS-
Life Safety) and non-structural performance levels NB (PS-Position Retention), NC (LS-Life Safety). 
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The target building performance levels and the basic performance objectives for the existing buildings 
are defined in Table 3- 9 and Table 3- 10, retrieved from Table C2-8 and Table 2-1 in ASCE 41-13 
Chapter 2.  
Table 3- 9: Target building performance levels (ASCE41-13 Table C2-8) 
 
Table 3- 10: Basic Performance Objective for Existing Buildings – BPOE (ASCE41-13 Table 2-1) 
 
Also, Tier 1 and Tier 2 evaluation is intended for buildings meeting the criteria for the Common 
Building Type, as shown in Table 3- 11. If Tier 1 and Tier 2 evaluation procedures are permitted and 
are selected to apply, the process must begin with Tier 1, followed by Tier 2 as warranted, and Tier 3 
evaluation may be used to further investigate into the deficiencies identified in previous tiers or to 
identify any other deficiencies that are missed. If Tier 1 and Tier 2 procedures are not permitted or 
engineers tend to choose a more sophisticated and comprehensive evaluation procedure, Tier 3 
evaluation shall be conducted in accordance. 
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Table 3- 11: Building type limitations on the use of the Tier 1 and Tier 2 procedures (ASCE 41-13 Table 3-2) 
 
Tier 3 Systematic Evaluation, adopting the most robust and comprehensive procedure, can be applied 
for any structural or non-structural performance levels for every building type. As shown in Figure 3- 
10 and Figure 3- 11, the evaluation process can be initiated from Tier 3 without incurring the expense 
of Tier 1 and 2 if obvious structure deficiencies exist within the structure. However, it is worth noting 
that the earlier tiers may still be necessary to identify deficiencies other than the obvious ones. If Tier 
3 is required for evaluation, it is encouraged to use Tier 1 or 2 evaluation procedures to obtain a 
general understanding of the building and to find out potential deficiencies before embarking on Tier 
3 evaluation. Besides, if Tier 3 is considered as a follow-up-step to Tier 1 and 2 evaluation, the 
decision of whether to apply Tier 3 evaluation requires judgement concerning the likelihood of Tier 1 
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and 2 evaluation being too conservative or considering any significant economic or other advantages 
to perform such a systematic evaluation.  
After drawing conclusion from evaluation, engineers may choose either to report deficiencies and 
recommend mitigation actions, or carry out further evaluation or investigation. If the evaluation is 
voluntary, the owner may choose to accept the risk of damage from future earthquakes rather than 
upgrade or demolish the building. If the evaluation is required by a local ordinance for a hazard-
reduction program or triggered by a regulation, building code, or policy, the owner may have to 
choose among retrofit, demolition, occupancy limitations, or other options, as stated in ASCE 41-13. 
3.2.2.1. Rapid Visual Screening 
Before initiating the three-tiered evaluation process, proper Performance Objective, Building 
Performance level, Seismic Hazard, and Level of Seismicity should be selected according to ASCE 
41-13 Chapter 2, and sufficient as-built information should be collected referring to Chapter 3. While 
in the absence of building information, a rapid screening process is required, referring to Rapid Visual 
Screening of Buildings for Potential Seismic Hazards: A Handbook, i.e. FEMA 154 Edition 2. The 
detailed procedure of Rapid Visual Screening is not discussed in the thesis. Figure 3- 12 shows the 
data collection form used in Rapid Visual Screening, taking from FEMA 154. 
 
Figure 3- 12: Low seismisity data collection form with a reference guide for a building case showing entries for 
years in which seismic codes were first adopted and enforced and benchmark years (FEMA 154, and the other 
two forms-moderate and high seismicity data collection forms are not shown in the thesis) 
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3.2.2.2. Tier 1 Screening Procedure 
 
Figure 3- 13: ASCE 41-13 Tier 1 Evaluation Process 
By summarising the details presented in ASCE 41-13, and as shown in Figure 3- 13, the inputs 
required are listed as following: 
 Target performance level (S-1, S-3, N-B, N-C) 
 Seismic hazard level (BSE1-E for BPOE) 
 Level of Seismicity (very low, low, moderate, high) 
 On-site investigation and condition assessment (available construction documents, on-site 
investigation, limited non-destructive investigation) 
 Common building type (ASCE 41-13 Table 3-1, 3-2) 
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 Default material properties (unless otherwise indicated by the available construction 
documents or by testing) (ASCE 41-13 Table 4-2, 4-3, 4-4, 4-5, Chapter 10) 
 Benchmark building information 
Table 3- 12: Benchmark Buildings (ASCE41-13 Table 4-6) 
 
After obtaining sufficient input data, Benchmark Building criteria (shown in Table 3- 12) should be 
checked first. If the building meets Benchmark Building criteria, Tier 1 evaluation is no longer 
required, but a screening of nonstructural components is still needed. If the building is determined as 
“Noncompliant” with Benchmark Building criteria, Tier 1 evaluation shall be completed together with 
completion of the checklists specified in ASCE 41-13 Chapter 16. To complete the checklists, simple 
analyses, together with quick calculations of primary component stiffness or strength, are involved. 
The detailed calculation procedures are shown in Section 4.2, and the checklists covering rapid 
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evaluation of structural, non-structural, foundation, geologic hazard elements, and site conditions are 
listed as following, and should be properly selected according to Table 3- 13. 
 Very low seismicity checklist 
 Basic configuration checklist (performance level (LS, IO) and seismicity (low, moderate, 
high)) 
 Building system structural checklist (performance level (LS, IO)) 
 Nonstructural checklist (performance level (LS, PR)) 
Table 3- 13: Checklists required for a Tier 1 Screening (ASCE41-13 Table 4-7) 
 
The structural deficiencies (i.e. criteria found to be “Noncompliant” in the checklists) that are quickly 
identified in Tier 1 evaluation may requires further evaluation (i.e. Tier 2 or Tier 3), or engineers may 
choose to end the investigation then to report the deficiencies and make retrofit suggestions. The 
limitations of Tier 1 Screening evaluation procedure are highlighted as following: 
 Tier 1 is only applicable to the buildings that comply with the common building types defined 
in ASCE 41-13 Table 3-1 and Table 3-2 
 Tier 1 is only applicable to demonstrate compliance with BPOE (Basic Performance 
Objective for Existing Buildings), and is not permitted to demonstrate compliance with 
BPON (Basic Performance Objectives Equivalent to New Building Standards). The basic 
performance objectives for existing buildings are specified in Table 3- 10 (from ASCE41-13 
Table 2-1). 
 Tier 1 only includes acceptance criteria of structural performance levels S-1, S-3, and non-
structural performance levels N-B, N-C. 
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3.2.2.3. Tier 2 Deficiency-based Evaluation Procedure 
 
(Figure continue in the next page) 
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Figure 3- 14: ASCE 41-13 Tier 2 Evaluation Process 
In Figure 3- 14, a flowchart of Tier 2 evaluation process is shown, and more details of the procedure 
are shown in Appendix A4. As shown in the comparison table in Appendix A4, the requirements of 
input information are quite similar to those defined in Tier 1 evaluation:  
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 Target performance level (SAME in Tier 1) 
 Seismic hazard level (SAME in Tier 1) 
 Level of Seismicity (SAME in Tier 1) 
 As-built information and condition assessment 
In addition to the requirements specified in Tier 1, destructive examination and testing may be 
required to perform Tier 2 evaluation. A knowledge factor of 0.75 should be considered 
during evaluation, unless data collection complies with the requirements for a knowledge 
factor of 1.0. 
 Common building types (SAME in Tier 1) 
 Material properties and knowledge factor 
Default material properties or material properties obtained from construction reports or other 
related documents 
 Additional for Linear Dynamic Analysis: response spectrum, site specific response, or ground 
motion acceleration histories 
 Potential deficiencies identified in Tier 1 screening 
It should be noticed that only the deficiencies identified by Tier 1 evaluation are assessed at 
Tier 2. 
Analyses in Tier 2 are limited to linear analysis approaches, Linear Static Procedure (i.e. LSP) and 
Linear Dynamic Procedure (i.e. LDP), and proper mathematical model should be established, 
considering 2D or 3D effect (including multidirectional seismic effect), torsion effect, definition of 
primary and secondary components (including continuity of components, structural sharing common 
elements), stiffness and strength of components, foundation model with soil-structure interaction 
defined, damping effect, P-Δ effect, overturning effect, etc. From the analysis, capacities of 
components associated with the deficiencies identified in Tier 1, and seismic demands can be 
estimated. Then the determined demands and capacities are used to demonstrate compliance with 
acceptance criteria (i.e. check that demand not exceeding capacity) for both deformation and force 
actions. It is worth recognising that Tier 2 evaluation is limited within the scope of the potential 
deficiencies identified in Tier 1. If the deficiencies are confirmed, engineers may choose to report or 
carry out Tier 3 evaluation. 
The limitations of Tier 2 evaluation are listed as following: 
 Tier 2 evaluation only reflects a level of analysis and design that is appropriate for small, 
relatively simple buildings and the buildings that do not require advanced analytical 
procedures, and is only applicable to the buildings that comply with the common building 
categories. 
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 Tier 2 is only applicable to demonstrate compliance of an existing or retrofit building with 
BPOE (Basic Performance Objective for Existing Buildings), and is not permitted to 
demonstrate compliance with BPON (Basic Performance Objectives Equivalent to New 
Building Standards). 
 Tier 2 only includes acceptance criteria of structural performance levels S-1, S-3, and non-
structural performance levels N-B, N-C. 
 Tier 2 may provide more conservative results compared to Tier 3. A variety of simplifying 
assumptions are adopted in Tier 2 evaluation. 
 Some limitations are associated with analysis approaches, and more detailed information is 
provided in Chapter 4. 
3.2.2.4. Tier 3 Systematic Evaluation 
As shown in Appendix A4, the input information required in Tier 3 systematic evaluation includes: 
 Target performance level (No constraints) 
 Seismic hazard level (No constraints) 
 Level of Seismicity 
 Data collection and knowledge factor.  
Three knowledge levels, minimum, usual, and comprehensive level, are defined. 
Corresponding to each knowledge level, the requirements regarding data collection are 
specified, shown in Table 3- 14 and Table 3- 15. The data may be collected from testing, 
design drawings or equivalent documents, condition assessment, and so on. Discussions of the 
application of knowledge levels and factors are shown in Section 3.3.2 and Section 9.2. 
 Additional for dynamic analyses: ground motion requirements 
Table 3- 14: Data collection requirements corresponding to three levels of knowledge and definition of 
knowledge factors (Table 6-1 from ASCE 41-13) 
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Table 3- 15: Data collection requirements for the three knowledge levels 
Minimum data collection 
requirements 
Usual data collection 
requirements 
Comprehensive data collection 
requirements 
 Design drawings shall show, at 
minimum, the configuration of 
the gravity load system and 
seismic-force-resisting system 
and typical connections with 
sufficient detail to carry out 
linear procedures 
(where design drawings are 
available, information shall be 
verified by a visual condition 
assessment) 
 In the absence of sufficient 
information from design 
drawings, incomplete or non-
existent information shall be 
supplemented by a 
comprehensive condition 
assessment, including destructive 
and non-destructive investigation 
 In the absence of material test 
records and quality assurance 
reports, use of default material 
properties 
 Information needed on adjacent 
buildings shall be gained through 
field surveys and research of as-
built information made available 
by the owner of the subject 
building 
 Site and foundation information 
shall be collected 
 Design drawings shall show, as a 
minimum, the configuration of the 
gravity load system and seismic-
force-resisting system and typical 
connection with sufficient detail to 
carry out the selected analysis 
procedure 
(where design drawings are 
available, information shall be 
verified by a visual condition 
assessment) 
 In the absence of sufficient 
information from design drawings, 
incomplete or non-existent 
information shall be supplemented 
by a comprehensive condition 
assessment, including destructive 
and non-destructive investigation 
 In the absence of material test 
records and quality assurance 
reports, material properties shall 
be determined by usual materials 
testing 
 Information needed on adjacent 
buildings shall be gained through 
field surveys and research of as-
built information made available 
by the owner of the subject 
building 
 Site and foundation information 
shall be collected 
 Information shall be obtained from 
construction documents including 
design drawings, specifications, 
material test records, and quality 
assurance reports covering original 
construction and subsequent 
modifications to the structure 
(where construction documents are 
available, information shall be 
verified by a visual condition 
assessment) 
 If construction documents are 
incomplete, missing information shall 
be supplemented by a comprehensive 
condition assessment, including 
destructive and non-destructive 
investigation 
 In the absence of material test records 
and quality assurance reports, material 
properties shall be determined by 
comprehensive materials testing, 
including the limitations on the 
coefficient of variation 
 Information needed on adjacent 
buildings shall be gained through field 
surveys and research of as-built 
information made available by the 
owner of the subject building 
 Site and foundation information shall 
be collected 
In Tier 3 evaluation, four analyses (Linear Static Procedure, Linear Dynamic Procedure, Nonlinear 
Static Procedure, and Nonlinear Dynamic Procedure) can be selected. Nonlinear analysis tools, such 
as SAP 2000 Advanced, STAAD Pro Nonlinear, PERFORM, ANSYS, etc., can be used for modelling. 
In some of these analysis tools, the component modelling parameters and numerical acceptance 
criteria corresponding to different limit states that are specified in ASCE 41-13 are implemented. 
Therefore, response of both the global structure and individual components can be obtained directly, 
and potential deficiencies can then be identified. Discussions regarding the modelling parameters and 
numerical acceptance criteria are in Section 3.3.4. The limitations of Tier 3 systematic evaluation are 
listed as following: 
 Performing Tier 3 evaluation can be complex, expensive and time-consuming, in spite of the 
fact that more accurate results can be computed. However, it is worth noting that Tie 3 may 
still result in construction savings equal to many times of their cost under some circumstances, 
for instance, for a very complex structure that is under consideration, or a very importance 
building with obvious structural deficiencies. 
 Tier γ evaluation is not applicable when ȝstrength>ȝmax. (Details are shown in Appendix A4) 
 Some limitations are associated with analysis approaches, and more detailed information is 
provided in Chapter 4. 
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3.2.3. EN 1998-3: 2005 (European Code) and NTC 2008 (Italian Code) 
Figure 3- 15 and Figure 3- 16 illustrate the development of European and Italian code provisions of 
building assessment. It is found that EN 1998-3: 2005 and NTC 2008 adopt similar assessment 
procedures, and the main differences lie in analysis approaches that are applied. Detailed discussions 
regarding the analyses are shown in Chapter 4.  
 
 
 
 
 
 
Figure 3- 15: Timeline of development of European Code (A, De Pra and S, Bianchi) 
 
 
 
 
 
 
 
Figure 3- 16: Timeline of development of Italian Code (A, De Pra and S, Bianchi) 
3.2.3.1. Evaluation of Knowledge Level 
In both European and Italian code provisions, an initial evaluation on structure to determine 
knowledge level (KL) is specified. From a variety of sources, such as design drawings, field 
investigations, laboratory tests, etc., the input data shall be collected, according to the listed 
requirements showing as follows. 
 Identification of structural system (compliance with regularity criteria) 
 Identification of type of building foundations 
 Identification of ground conditions 
1975 - Commission of the 
European Community 
For 15 years development of the 
European code program 
1989 – The Commission and 
Member States decided totransfer 
the publication of the ECs to CEN 
through a series of Mandates 
EN 1990 
EN 1991 
EN 1992 
EN 1993 
EN 1994 
EN 1995 
EN 1996 
EN 1997 
EN 1998 
EN 1999 
EN 1998: Design of 
structures for 
earthquake resistance 
Part 3: Assessment and 
Retrofitting for 
buildings 
OPCM 3274 (2003): 
Transition from old 
generation codes “purely 
prescriptive” to new 
generation codes based 
on “the performance 
base design” 
Earthquakes in 
Molise and in 
Puglia (2002) 
NTC 2005: It had to 
substitute all previous 
D.M., however supported 
by OPCM 3431 (2005). It 
never entered in force 
because of next 
postponements 
NTC 2008: 
This code went 
along with EC  
After earthquake 
in δ’Aquila 
Modifications and 
integrations to 
OPCM3274 are 
published: 
OPCM3316(2003) 
OPCM3333(2004) 
OPCM3431(2005) 
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 Information concerning component geometry and properties 
 Information concerning material mechanical properties 
 Information concerning material defects and inadequate detailing 
 Information concerning the seismic design criteria that were applied 
 Description of use of the buildings 
 Re-assessment of imposed actions 
 Information concerning type of structural damage 
 
Figure 3- 17: Evaluation of knowledge factor process 
The collected data can be categorised as “geometry, detailing and material”. The “geometry category” 
includes geometrical properties of structural components and nonstructural elements; the “detailing 
category” consists of amount and detailing of the reinforcements applied; and the “material category” 
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consists of mechanical properties of the constituent materials. Depending on the quantity and quality 
of the collected data, appropriate knowledge level (i.e. KL1, KL2, and KL3) can be determined. With 
the determined knowledge level, the type of analysis and the value of the confidence factors can thus 
be decided, according to Figure 3- 17. 
It is worth recognising that unlike NZSEE 2006 and ASCE 41-13, neither the European nor the Italian 
code provisions include an initial assessment of the structure to give a preliminary determination of 
potential structural deficiencies. As discussed in previous, in EN 1998:2005 and NTC 2008, the first 
stage of the assessment procedures only has the scope to define knowledge level. It has also been 
found that the determination of knowledge factor is dependent on the predictive global response of the 
structure, which is inappropriate. Discussions regarding this issue are shown in Section 3.3.2. 
3.2.3.2. Knowledge Level 1 
As specified in EN 1998:2005 and NTC 2008, knowledge level 1 is associated with a more 
comprehensive evaluation process compared to preliminary screening process. With the input data 
collected (i.e. three categories – geometry, detailing and material, together with ground and 
earthquake conditions), two analysis approaches are suggested, shown in the following. 
 Lateral Force Procedure (i.e. LSP). 
 Modal Response Spectrum Analysis (i.e. LDP) 
It is worth noting that a reduction factor q should be applied to approximate the nonlinear response of 
the structure in linear analyses. The calculated actions or capacities should be checked with 
acceptance criteria that are defined in terms of chord rotation and shear under various limit states. 
Detailed information concerning the simplified formulae to estimate fundamental period, the 
calculation of base shear force, the approximation of structural mass and effective height, the number 
of modes required to conduct modal analysis, the appropriate combination rules, the limitations 
associated with the analyses, etc., is presented in Chapter 4. 
3.2.3.3. Knowledge Level 2 and Knowledge Level 3 
For knowledge level 2 and 3, comprehensive and systematic seismic assessment procedures are 
suggested in EN 1998:2005 and NTC 2008. It is worth noting that knowledge level 3 requires more 
efforts during collecting input data. At both levels, same analysis approaches are suggested:  
 Lateral Force Procedure (i.e. LSP) 
 Modal Response Spectrum Analysis (i.e. LDP) 
 Nonlinear Static Analysis (i.e. NSP) 
 Nonlinear History Analysis (i.e. NDP) 
Detailed information regarding the analyses is shown in Chapter 4.  
Thesis Page 63 
 
3.3. Critical Comparison among Different Codified Procedures 
In this section, conclusions drawn from critical comparisons among NZSEE 2006, ASCE 41, EC8 (or 
NTC2008) are presented. The conclusions are focused on five parts shown as follows, and sections 
3.3.1 to 3.3.5 provide concise discussions regarding each of these aspects. The detailed comparison 
table is provided in Appendix A4. 
 Adoption of preliminary evaluation procedure 
 Application of knowledge level and the corresponding knowledge factors (confidence factors) 
 Assessment at material level, 
 Assessment at component level 
 Differences in analysis approaches adopted in the four codified assessment procedures 
3.3.1. Preliminary Evaluation Procedure 
Table 3- 16: Preliminary evaluation procedures specified in the four codified assessment procedures 
  
Codified Seismic Assessment/Evaluation Procedures 
Level/Stage of Assessment/ 
Evaluation NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Screening 
with 
Minimal 
Level of 
Analysis 
Applied 
Specific Title in 
Each 
Code/Guideline 
Initial Seismic 
Assessment (ISA) Tier 1 Screening Procedure 
Evaluation of 
Knowledge Level 
Evaluation of 
Knowledge 
Level 
Inputs and 
Requirements 
Age, importance level, 
construction type, 
previous 
strengthening, 
location, soil type, 
building height 
Target performance level, 
seismic hazard level, level of 
seismicity, on-site 
investigation and condition 
assessment, common building 
type, default material 
properties, benchmark 
building information 
Drawings and 
equivalent 
information, on-site 
investigation, 
contemporary 
standard, in-situ 
and/or laboratory 
measurements and 
tests 
Structural and 
geotechnical 
reports, 
executive 
details, in situ 
and/or 
laboratory 
measurements 
and tests 
Analysis 
Approach None Simplified LSP  None None  
Evaluation 
Procedures and 
Applied Tools 
Preliminary 
Screening; 
Prioritisation; IEP 
Quick checks for strength and 
stiffness; 
Checklists 
Initial screening Initial 
screening 
Acceptance 
Criteria 
CSWs (severe, 
significant and 
insignificant), %NBS, 
EPB and ERB 
Detailed acceptance criteria 
are stated in the checklists None None  
Outputs CSWs ,%NBS, NZSEE Grades 
Completion of checklists with 
potential deficiencies 
identified. 
Knowledge level and 
corresponding 
analysis method and 
determination of 
parameters 
Knowledge 
level and 
corresponding 
analysis 
method and 
determination 
of parameters 
Limitations 
Results not very 
reliable due to many 
reasons; ULS only; 
not considering many 
factors, like 
nonstructural 
elements, adjacent 
buildings  
Only for common building 
types; only to demonstrate 
compliance with BPOE; only 
include acceptance criteria for 
Immediate Occupancy and 
Life Safety for structural 
performance level, and 
Position Retention and Life 
Safety for nonstructural 
The confidence factor 
is determined based 
on general 
characteristics, but is 
applied at “εaterial 
δevel”, which is 
inappropriate. 
SAME in EN 
1998-3 : 2005 
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As shown in Table 3- 16, different preliminary evaluation procedures are specified in the four 
assessment guidelines or standards. In NZSEE 2006 and ASCE 41-13, comparatively regulated 
procedures of initial evaluation of the structure are provided. However, it has been found that in 
EN1998-3: 2005 and NTC 2008, even though a screening process is required to check the structure 
before carrying out any further levels of evaluation, there are no established procedures. Instead of 
giving detailed preliminary evaluation procedures, the first step of evaluation process suggested by 
EN1998-3: 2005 and NTC 2008 is to determine knowledge levels based on the quality of input data, 
and then to select an appropriate analysis method. It is worth noting that in ASCE 41-13, at this stage, 
does not involve defining different knowledge levels. The following list provides a summary of the 
differences found between the preliminary evaluation procedures from NZSEE 2006 and ASCE 41-13, 
and more detailed information is shown in Appendix A4. 
 Compared to NZSEE 2006 ISA procedure, ASCE41-13 Tier 1 evaluation procedure is more 
component-based, i.e. Tier 1 evaluation procedure is associated with the evaluation of 
components, such as simple calculation of component capacities, completion of the checklists 
associated with primary, secondary, and nonstructural components. In spite of the fact that 
NZSEE 2006 ISA procedure does provide quick checks of some particular components that 
are more prone to structural deficiencies, for examples, short columns, transferring 
components like cantilever beams, etc., the procedure still mainly focuses on the evaluation of 
the entire structure and tends to identify potential deficiencies at global level. 
 ASCE 41-13 contains comprehensive information regarding Benchmark Building Criteria, 
which may lead to a significant saving in time and expense by avoiding further levels of 
investigation. While NZSEE 2006 includes very brief description of the building types that 
are not potentially EPBs which thus may not require further level of evaluation. Therefore, it 
can be suggested that more assessment instructions associated with the structures conforming 
to the design standards when they were built, should be provided. 
 ASCE 41-13 provides checks of nonstructural components in all tiers, with an increase of 
sophistication level from the lower to the upper tier. However, no assessment procedures of 
nonstructural components are found in NZSEE 2006. 
 By performing NZSEE 2006 ISA and ASCE 41-13 Tier 1 evaluation, potential deficiencies 
(i.e. critical structural weaknesses) can be identified. Other assessment outputs include %NBS 
from NZSEE 2006 and checklists (of entire structure and components) from ASCE 41-13. 
For typical building cases, preliminary assessment is necessary. The advantages of carrying out 
preliminary assessment are listed as following: 
 Help engineers to get familiar with buildings, structural systems, material properties, and 
other information 
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 Identify potential deficiencies without incurring the expense of further level of evaluation, 
thereby saving time and expense 
In aiming to improve NZSEE 2006 ISA procedure, the followings may be suggested: 
 More instructions regarding assessment at component level need to be provided, including 
both structural and nonstructural components, e.g. to provide checklists similar to those in 
ASCE 41-13.  
 More instructions may be required to define non-EPBs without proceeding to further level of 
assessment for the buildings conforming to the design standards. 
3.3.2. Knowledge Level and Knowledge Factor (or Confidence Factor) 
Table 3- 17: Knowledge levels and knowledge factors applied in the four codified assessment procedures 
  
Codified Seismic Assessment/Evaluation Procedures 
Level/Stage of Assessment/ Evaluation NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Screening with 
Minimal Level of 
Analysis Applied 
Specific Title in Each 
Code/Guideline 
Initial Seismic 
Assessment (ISA) 
Tier 1 Screening 
Procedure 
Evaluation of Knowledge 
Level 
Evaluation of 
Knowledge Level 
Inputs and Requirements 
    
Analysis Approach 
    
Evaluation Procedures 
and Applied Tools     
Acceptance Criteria 
    
Outputs 
    
Limitations 
    
More Detailed 
Assessment 
than Screening 
Specific Title in Each 
Code/Guideline 
NONE 
Tier 2 Deficiency-
based Evaluation 
Knowledge Level 1 
Confidence Factor 
Knowledge Level 1 
Confidence Factor 
Inputs and Requirements Knowledge Factor   
Analysis Approach LSP  LSP  LSP  
LDP 
 
LDP 
 
LDP 
 
Evaluation Procedures 
and Applied Tools    
Acceptance Criteria κ CF CF 
Outputs 
   
Limitations 
   
Detailed 
Assessment 
Specific Title in Each 
Code/Guideline 
Detailed Seismic 
Assessment (DSA) 
Tier 3 Systematic 
Evaluation 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Inputs and Requirements 
 
Knowledge Level 
Knowledge Factor   
Analysis Approach 
LSP 
 
LSP 
 
LSP 
 
LSP 
 
LDP 
 LDP 
 
LDP 
 
LDP 
 SLaMa 
 
NSP 
 
NSP 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
NDP 
 
NDP 
 
Evaluation Procedures 
and Applied Tools 
General 
 
   
FB 
 
DB 
 
Acceptance Criteria 
 
LSP/LDP κ CF CF NSP/NDP κ 
Outputs 
LSP . 
LSP/LDP 
 
  
LDP 
 
SLaMa 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
Limitations 
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Table 3- 17 demonstrates the application of knowledge levels and knowledge factors (or confidence 
factors) in the four codified assessment procedures.  
NZSEE β006 Section 4.7 (d) states that “ATC γγ.0γ (ATC 1995) establishes three categories of 
building information, corresponding to good, fair and poor information classes. Reference to ATC 
γγ.0γ may be of assistance in determining what, if any, allowance to make”. However, there is no 
specific qualitative or quantitative definition of knowledge levels or knowledge factors, though it is 
obvious that the two stages of assessment process – ISA and DSA – require different levels of input 
data along with assessment procedures and analyses of different complexity. Unlike NZSEE 2006, 
both ASCE 41-13 and EN 1998-3:2005 (NTC 2008 is similar to EN 1998-3:2005) have clear 
definition of knowledge levels, and the corresponding knowledge factors (or confidence factors) are 
applied the assessment.  
However, the difference between ASCE 41-13 and EN 1998-3:2005 regarding the determination of 
knowledge factors (or confidence factors) should be highlighted. In ASCE-41-13, three knowledge 
levels – minimum, usual, or comprehensive – are specified. The determination of knowledge level 
should take account for objective of performance level, availability of analysis tools, quality and 
quantity of input information, etc., as tabulated in Table 3- 18. Table 3- 18 also provides suggested 
values of knowledge factor (κ) which accounts for any uncertainty associated with component as-built 
information. The values of the factor are established based on the access to original construction 
documents or condition assessments, destructive or non-destructive testing of the representative 
components (i.e. before assessment at material level), and should be used in the evaluation of 
component capacities (i.e. at component level), as shown in Table 3- 19. In EN 1998-3:2005 and NTC 
2008, three knowledge levels are also defined, as shown in Table 3- 20. Similar to ASCE 41-13 
procedure, confidence factors are applied in order to account for the uncertainty associated with 
component as-built information. However, unlike specified in ASCE 41-13, the values of confidence 
factor are determined based on the characteristics and the expected global mechanism of the structure, 
and the factors are applied to material properties (i.e. at material level), which is inappropriate and 
needs to be modified. 
In ASCE 41-13, it is also stated that the extent of testing or the use of knowledge factors is permitted 
to be waived if it is determined that at the time of construction there were adequate testing or 
inspection processes in place to justify the properties specified in the design drawings. In other words, 
the knowledge factors are not required if there is good confidence in the material or component 
information (i.e. ț=1). 
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Table 3- 18: Data collection requirements in Tier 3 Evaluation, three knowledge levels(ASCE 41-13Table 6-1) 
 
Table 3- 19: Calculation of component action capacity in linear (left)and nonlinear analyses (right) (ASCE 41-
13, Table 7-6 and 7-7) 
 kQେ୐ > Q୙୊,  Q୙୊ = Qୋ ± ୕Eେభେభ୎ ሺforcecontrolledactionsሻ, mkQେ୉ > Q୙ୈ,  Q୙ୈ = Qୋ + Q୉ ሺdeformation − controlled actionsሻ 
Table 3- 20: Knowledge levels and corresponding analysis approaches (EN 1998-3: 2005, Table 3.1) 
 
LF – Lateral Force procedure; MRS – Modal Response Spectrum analysis; CF – Confidence Factors 
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Based on past experience and studies of alternative assessment procedures around the world, it is 
reasonable to suggest that qualitative definitions of knowledge levels should be adopted in New 
Zealand assessment guidelines, which can be similar to the specifications provided in Table 6-1 from 
ASCE 41-13. However, the application of knowledge factors (or confidence factors) may need future 
investigation. More discussions regarding this issue are presented in Chapter 5 and 9. 
3.3.3. Assessment at Material Level 
Information associated with material properties is usually sourced from construction documents, on 
site surveys or investigations, and physical testing of material. Table 3- 21 lists the sources of material 
properties or strengths specified in the four codified assessment procedures. Apart from construction 
documents, on site investigations and physical testing, ASCE 41-13 also suggests that the information 
may be gathered by interviewing building owners, tenants, managers, the original architects and 
engineers, contractors and the local building officials. In addition, EN 1998-3: 2005 recommends that 
if different sources are available, then cross-checks should be carried out between the data collected 
from the different sources, in order to minimise uncertainties in the material information. 
Table 3- 21: Sources of material properties specified in the four codified assessment procedures 
Material NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Source of 
Information 
Original construction 
documents, or 
surveys, or physical 
testing of 
representative 
samples of materials. 
Available construction documents and other 
records, e.g.  building design data, including 
contract drawings, specifications, and 
calculations, maintenance histories, 
manufacturers’ literature and test data, 
reference standards and codes from the period 
of construction, other data such as assessments 
of the building performance during past 
earthquakes. 
 
On site investigation (field verification) and 
condition assessment  
- To verify conformance of conditions 
described in available documents 
- To identify alternations or deviations 
- To supplement incomplete documents 
- To confirm quality of construction and 
maintenance (e.g. no significant 
deterioration of structural materials) 
- Then  select and review the appropriate 
sets of evaluation statements 
Destructive and non-destructive examination 
and testing of selected building materials. 
 
Interviews with building owners, tenants, 
managers, the original architect and engineer, 
contractors and the local building official. 
Available 
documentation 
specific to the 
building in question 
 
Relevant generic data 
sources(contemporary 
codes and standards) 
 
Field investigations 
 
In-situ and/or 
laboratory 
measurements and 
tests 
 
Cross-checks should 
be made between the 
data collected from 
different sources to 
minimise the 
uncertainties 
Design 
documentation 
related to the 
building 
 
Acquired 
documentation 
after the time of 
construction 
 
Visual survey 
 
In-situ or 
laboratory tests  
 
As shown in Table 3- 22, a summary of general requirements of material properties and strengths 
specified in the four codified assessment procedures is provided. NZSEE 2006 Guidelines, as 
discussed in previous, unlike the other three assessment provisions, do not include clear specifications 
regarding knowledge levels, and the guidelines suggest that probable material strength obtained from 
either design and construction documents or physical test results should be used. ASCE 41-13, EN 
1998-3:2005 and NTC 2008, with clearly definition of knowledge levels together with the application 
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of knowledge factors (or confidence factors), suggest that either default values based on the available 
construction documents or physical testing results should be applied. Under the circumstance where 
only limited information is available, material properties and strengths can be approximated based on 
material history used in design and construction in that country. It is found that only ASCE 41-13 
provides completed and detailed material history tables, as shown in Section 3.3.3.1 and Section 
3.3.3.2. NZSEE 2006 only notifies a few references of material properties applied in old days, for 
instance, old concrete and reinforcing steel pre 1970s, which may not be sufficient for assessment. 
NZSEE 2006 also specifies varying ranges of material properties in the absence of data; however, the 
reliability of these ranges should be reviewed. 
Table 3- 22: General requirements of material properties 
Material NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
General 
If in an absence of 
data, variations 
considered should be 
one standard deviation 
or±20% of the mean. 
 
Original design values 
are NOT appropriate. 
 
Probable strength 
(expected strength) 
should be determined 
from available 
information, e.g. 
default values (NOTE: 
reliability of 
information), or should 
be based on actual test 
results, e.g. actual 
mean of tests (NOTE: 
effect of variations 
from the mean) 
 
NOTE: Building 
material may vary 
from member to 
member, and effect 
should be taken into 
account. 
 
ATC 33.03 (ATC 
1995) establishes three 
categories of building 
information, 
corresponding to good, 
fair and poor 
information classes. 
Concrete compressive strength, yield and 
ultimate strength of conventional and 
pre-stressing reinforcing steel and metal 
connection hardware. 
Other: tensile strength and modulus of 
elasticity of concrete, ductility, 
toughness, and fatigue properties of 
concrete, carbon equivalent present in 
the reinforcing steel, presence of any 
degradation such as corrosion or 
deterioration of bond between concrete 
and reinforcement. 
 
Apply default values (Tables in Chapter 
7 to 10) are to be assumed: 
(conservative/ lower bound). It should be 
noted that this standard does not permit 
the use of default material properties for 
Tier 2 and Tier 3 evaluations without the 
application of the knowledge factor.  
Unless otherwise indicated by the 
available construction documents 
(conservative/ lower bound) 
Or by testing: (material testing is 
required to achieve a knowledge factor 
of 1.0) 
- Limited non-destructive 
investigation s for Tier 1 (where 
required) 
- Destructive examination and 
testing may be required for Tier 2 
(more information required) 
- Non-destructive examination and 
testing required for Tier 3 
- Test methods and minimum 
number of test are specified in 
10.2.2.3 and 10.2.2. 
 
Knowledge level (minimum, usual, 
comprehensive) for Tier 2 and 3 
From available 
information: default 
values in accordance 
with the standard of the 
time of construction or 
values from original 
design specifications 
 
Based on test results: 
Concrete: compressive 
strength, uniformity, 
quality, presence and 
location of internal 
damage, density and 
thickness of internal 
damage and voids 
Steel: yield strength, 
tensile strength, 
hardness, deterioration 
and potential corrosion 
Depending on the level 
of inspection (limited, 
extended and 
comprehensive), the 
minimum number of 
tests on materials is 
defined in EN 1998-
3:2005 Table 3.2. 
 
Material information, in 
addition to geometry 
and details, define three 
knowledge levels. For 
each KL is associated a 
confidence factor (CF), 
that is applied to 
material strengths to 
take into account the 
uncertainties. (EN 1998-
3:2005 Table3.1) 
From available 
information: default 
values in accordance 
with the standard of the 
time of construction or 
values from original 
design specifications or 
original test reports 
 
Based on test results: 
Concrete: compressive 
strength, uniformity, 
quality, presence and 
location of internal 
damage, density and 
thickness of internal 
damage and voids 
Steel: yield strength, 
tensile strength, 
hardness, deterioration 
and potential corrosion 
Three levels of 
inspection are defined 
(limited, extended and 
comprehensive) and the 
minimum number of 
tests (similar to EN 
1998-3:2005 Table 3.2).  
 
According to the amount 
and quality of 
information is possible 
to define the KL and 
then the CF (similar 
toTable3.1). The CF will 
be applied to material 
strength for the 
calculation of component 
capacities, in addition to 
partial safety factors 
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3.3.3.1. Concrete 
 
Figure 3- 18: Stress-strain model for monotonic loading of confined and unconfined concrete in compression 
(Paulay, T., Priestley, M.J.N., Seismic Design of Reinforced Concrete and Masonry Buildings) 
Concrete properties and strengths considered in the assessment of reinforced concrete structures are 
listed in the following, and are also shown in Figure 3- 18. 
 Compressive stress (fc’)  and ultimate strain (İc) for unconfined concrete 
 Compressive stress (fcc’) and concrete strain (İcc, İcu) for confined concrete 
In order to obtain the confined concrete properties, reinforcing details (incl. longitudinal 
reinforcement, transverse reinforcement, confinement, additional shear reinforcement) are 
required. 
In Table 3- 23, the procedures to determine of concrete properties and strengths specified in the four 
codified assessment procedures are shown. In all the four codified assessment procedures, sufficient 
guidelines regarding the determination of concrete compressive strength are provided; however, only 
NZSEE 2006 and ASCE 41-13 include guidelines for the determination of concrete strain properties. 
According to NZSEE 2006 Guidelines, probable material strength (i.e. mean strength or expected 
strength) should be used in assessment. In the absence of reliable information, probable concrete 
strength can be obtained by fୡ,୮′ = ͳ.ͷ × fୡ′, where fc’ is the nominal strength of concrete. NZSEE β006 
Guidelines also include a brief explanation of the old concrete properties and strength; however, no 
detailed instructions to approximate the additional strength of the old concrete are provided. 
In ASCE 41-13, it is defined that, under the circumstance where only limited information is available, 
the default concrete strengths specified in Table 3- 24 or Table 3- 25 can be applied, with the factors 
to translate from lower-bound material properties to the expected strength material properties 
specified in Table 3- 26. It is worth noting that the values of knowledge factor are determined based 
on the quality and quantity of the material data collected, and knowledge factors are applied in the 
assessment of component capacities, as discussed in Section 3.3.2. 
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In EN 1998-3: 2005 and NTC 2008, concrete strength obtained from design, construction documents, 
contemporary standards or testing results is suggested to use in assessment, and there are no 
instructions found to approximate the probable concrete strength in the absence of information. In 
Table 3- 27, the requirements regarding material testing are shown. 
Table 3- 23: Determination of concrete strengths and properties in the four codified assessment procedures 
Concrete NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Strength 
(1) Testing 
(2) In the absence of 
reliable information: fୡ,୮′ = ͳ.ͷ × fୡ′ 
f’c, p=Probable concrete 
compressive strength 
fc’=Nominal concrete 
compressive strength 
NOTE: old concrete tends to 
exceed the specified value. 
(No suggestion offered to 
deal with old concrete) 
Table 4-2 (taken from Table 
10-2, 10-3) for Tier 1 and 
maybe for Tier 2. 
 
No default values for E for 
concrete are provided.  Eୡ = ͷ͹ͲͲͲ√fୡ′ ( lbinଶ) for normalweight concrete 
 
Information required in 
accordance  with Table 6-1 
(knowledge level) for Tier 3 
(1) Testing (from 
UNI codes) 
(destructive, semi 
destructive and non-
destructive tests, but 
attention to the 
reliability of results) 
(2) Information from 
the code in force 
of the time of 
construction 
NOTE: non-
destructive tests should 
not be used in isolation 
but in conjunction with 
destructive tests 
(1) Testing (from 
UNI codes) 
(destructive, semi-
destructive and non-
destructive tests, but 
attention to the 
reliability of results) 
(2) Information from 
the code in force 
of the time of 
construction 
NOTE: It is possible to 
replace some 
destructive tests (not 
more than 50%) with a 
greater number (at least 
three times) of non-
destructive ones. The 
non-destructive tests 
cannot substitute the 
destructive ones. 
Ultimate 
Compressive 
Strain 
Unconfined concrete: 
İcu=0.004 
 
Confined concrete:  ɂୡ୳ = Ͳ.ͲͲͶ(ͳ + ͳ.ͳɏୱf୷୲) 
ρs=ratio of volume of 
transverse reinforcement to 
volume of concrete core 
fyt=probable yield strength of 
the transverse reinforcement 
 
Mander Model: ɂୡ୳ = Ͳ.ͲͲͶ + ͳ.Ͷɏୱf୷୦ɂୱ୳fୡୡ  ɏୱ = ͳ.ͷA୴bୡs  
Av=total area of transverse 
reinforcement in a layer 
s=spacing of layers of 
transverse reinforcement 
bc=width of column core, 
measured from centre to 
centre of the peripheral trans 
fyh=yield strength of the 
transverse reinforcement 
İsu=steel strain at maximum 
stress 
fcc=compression strength of 
the confined concrete (e.g. 
fcc=1.5fc’) 
Usable strain limits: 
Without confining with 
transverse reinforcement 
(at the extreme concrete 
compression fibre) 
İmaxч 0.002(for components in 
nearly pure compression) 
İmaxч 0.005 (for other 
components) 
(unless larger strains are 
substantiated by experimental 
evidence) 
 
Confined concrete: 
İmax shall be based on 
experimental evidence and 
consider limitations posed by 
transverse reinforcement 
fracture, longitudinal 
reinforcement buckling, and 
degradation of component 
resistance at large deformation 
levels. 
İmaxч 0.02 (for longitudinal 
reinforcement in compression) 
İmaxч 0.05 (for longitudinal 
reinforcement in tension) 
 
Monotonic coupon test results 
shall not be used to determine 
reinforcement strain limits. If 
experimental evidence is used 
to determine strain limits, the 
effects of low-cycle fatigue and 
transverse reinforcement 
spacing and size shall be 
included in testing procedures. 
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Table 3- 24: Default compressive strengths (fc’) of structural concrete (unit: kip/in.2) applied in Tier 1 
evaluation (Table 4-2 from ASCE 41-13) 
 
Table 3- 25: Default lower-bound compressive strength of structural concrete (unit: lb/in.2, MPa) applied in 
Tier 2 or 3 evaluation (Table 10-2 from ASCE 41-13) 
 
Table 3- 26: Factors to translate lower-bound material properties to expected strength material properties 
(Table 10-1 from ASCE 41-13) 
 
Table 3- 27: Recommended minimum requirements for different levels of inspection and testing (EN 1998-
3:2005 Table 3.2) 
 
It is worth noting that confinement of concrete has significant impact on concrete properties and 
strengths, as is shown in Table 3- 23. In NZSEE 2006, it is recommended that for unconfined concrete, 
an ultimate strain of 0.004 should be applied; and for confined concrete, Mander Model or other 
equivalent models should be adopted to approximate confined concrete properties and strengths. In 
ASCE 41-13, ultimate concrete strain is determined based on the past experimental evidences that are 
provided considering limitations imposed by transverse reinforcement fracture, longitudinal 
reinforcement buckling, and degradation of component resistance at large deformation levels. In EN 
1998-3: 2005 and NTC 2008, there are no detailed instructions concerning the determination of 
confined concrete properties and strengths. 
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3.3.3.2. Reinforcing Steel 
 
Figure 3- 19: Typical stress-strain curves for reinforcing steel (Paulay, T., Priestley, M.J.N., Seismic Design of 
Reinforced Concrete and Masonry Buildings) 
Reinforcing steel properties and strengths considered in the assessment of reinforced concrete 
structures are listed as following, and are also illustrated in Figure 3- 19: 
 Tensile yield stress (fsy) and yield strain (İsy) 
 Tensile ultimate stress (fsu) and ultimate strain (İsu) 
 Assumptions or models applied to approximate compressive properties based on tensile 
properties 
Table 3- 28: Determination of steel strengths and properties in the four codified assessment procedures 
Concrete NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Strength 
(1) Testing 
(2) Apply the mean of the upper characteristic 
(95%) and lower characteristic (5%) , i.e. 
definition of mean strength (probable 
material strength, expected material 
strength) f୷,ଽହ% = ሺͳ.ͳ͹~ͳ.͵ሻ × f୷,ହ% 
Range of [1.17, 1.3] depends on source of 
information and age. 
(3) In the absence of reliable information: f୷,୮ = ͳ.Ͳͺ × f୷ 
fy,p=Probable expected mean yield strength 
of reinforcing steels 
fy=Lower characteristic yield strength of 
reinforcing steels, assumed to be equal to 
the nominal strength 
(4) For structures reinforced by structural 
grade reinforcement of the 1930-1970 
period: (in the absence of information) f୷,୮ = ͵ͲͲMPa 
(5) Steel history: 
SANZ (1962):fy,min=227MPa (33000psi) 
SANZ (1963) & NZS1693: fy,min=275MPa 
SANZ (1964): fy,max=414MPa 
Chapman (1991): fy,5%,actual=(1+15%-
20%)×fy,5%,specified 
NOTE: plain round bars were used in NZ for 
longitudinal reinforcement until about the mid-
1960s. Note for development length 
requirement (at least twice of that of deformed 
bars), more severe bond degradation thus 
greater stiffness reduction during cyclic loading.   
Table 4-3, 4-4, 4-5 
(taken from 10-3, 9-1, 
9-2) for Tier 1 and 
maybe for Tier 2 Eୱ = ʹͻͲͲͲሺkiβ/inଶሻ F୮ୣ = ʹͷ ሺkiβሻ 
 
Information required 
in accordance  with 
ASCE 41-13 Table 6-1 
(knowledge level) for 
Tier 3 
(1) Testing (from 
UNI codes) 
(destructive and not-
destructive tests) 
(2) Information from 
the code in force 
of the time of 
construction 
NOTE: non-
destructive tests should 
not be used in isolation 
but in conjunction with 
destructive tests 
(1) Testing (from 
UNI codes) 
(destructive and 
not-destructive 
tests) 
(2) Information 
from the code 
in force of the 
time of 
construction 
NOTE: It is 
possible to replace 
some destructive 
tests (not more than 
50%) with a greater 
number (at least 
three times) of non-
destructive ones. 
The non-
destructive tests 
cannot substitute 
the destructive 
ones 
Strain 
For older designs: 
İsu=0.15 for fy=275MPa 
İsu=0.1 for  fy=430MPa 
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As shown in Table 3- 28, in NZSEE 2006, if very limited information is available, it is suggested that 
probable reinforcing steel yield strength of 300MPa can be applied for the structures that were 
reinforced by structural grade steel from 1930 to 1970. It is also suggested that probable yield strength 
can be approximated by f୷,୮ = ͳ.Ͳͺ × f୷ , where fy is the lower characteristic yield strength of 
reinforcing steel, assumed to be equal to the nominal strength found in design and structural drawings. 
It is worth noting that there is lack of information of plain round bars which were used in New 
Zealand as longitudinal reinforcement until mid-1960s.In ASCE 41-13, as discussed in Section 3.2.2, 
different data requirements are specified corresponding to different knowledge levels. The following 
tables (Table 3- 29 to Table 3- 32) provide summarises of the reinforcing steel default yield strengths, 
lower-bound tensile and yield properties, and factors to translate lower-bound steel properties to 
expected-strength steel properties. In EN1998-3: 2005 and NTC 2008, it is recommended that 
reinforcing steel properties should be obtained from physical testing or design standards. 
Table 3- 29: Default yield strength (fy) of reinforcing steel (unit: kip/in2) (Table 4-3 from ASCE 41-13) 
 
Table 3- 30: Default lower-bound tensile and yield properties of reinforcing steel(Table 10-3 ASCE 41-13) 
 
Table 3- 31: Default lower-bound tensile and yield properties of reinforcing steel for various ASTM 
specifications (Table 10-4 from ASCE 41-13) 
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Table 3- 32: Factors to translate lower-bound steel properties to expected-strength steel properties (Table 9-3 
from ASCE 41-13) 
 
3.3.4. Assessment at Component Level 
Table 3- 33: General requirements regarding the determination of component properties and strengths 
Component NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
General 
Probable strength: 
Theoretical 
strength should be 
calculated based on 
established theory. 
 
Section dimensions 
and mean material 
strengths are 
required in the 
calculation.  
(1) Cross-sectional dimensions of individual 
components and overall configuration of the 
structure; 
(2) Configuration of component connections, size of 
anchor bolts, thickness of connector material, 
anchorage and interconnection of embedment and 
the presence of bracing or stiffening components; 
(3) Modifications to components or overall 
configuration of the structure; 
(4) Most recent physical condition of components and 
connections, and the extent of any deterioration; 
(5) Deformations beyond those expected because of 
gravity loads, such as those caused by settlement or 
past earthquake events; 
(6) Presence of other conditions that influence building 
performance, such as nonstructural components 
that may interfere with structural components 
during earthquake excitation. 
The analytical model for a beam–column frame element 
shall represent strength, stiffness, deformation capacity 
of beams, columns, joints, and other components (e.g. 
slabs), and including connections with other 
elements .Potential failure in flexure, shear, and 
reinforcement development at any section along the 
component length shall be considered. Interaction with 
other elements, including non-structural components, 
shall be included. 
The analytical model for a shear wall element shall 
represent the stiffness, strength, and deformation capacity 
of the shear wall. Potential failure in flexure, shear, and 
reinforcement development at any point in the shear wall 
shall be considered. Interaction with other structural and 
nonstructural components shall be included. 
Stiffness: considering shear, flexure, axial behaviour, 
reinforcement slip deformation, stress state, cracking 
extent caused by volumetric changes from temperature 
and shrinkage, and deformation levels under gravity 
loads and seismic forces 
Strength: maximum component strength shall be 
determined considering potential failure in flexure, axial 
load, shear, torsion, bar development, and other actions at 
all points along the length of the component, under the 
actions of design gravity load and seismic force 
combinations. 
Overall dimensions and 
cross-sectional 
properties of the 
buildings elements; 
 
Amount of longitudinal 
steel in beams, columns 
and walls; amount and 
detailing of confining 
steel in critical regions 
and in beam- column 
joints; amount of steel 
reinforcement in floor 
slabs contributing to the 
negative resisting 
bending moment of T-
beams; seating lengths 
and support conditions 
of horizontal elements; 
depth of concrete cover; 
lap-splices for 
longitudinal 
reinforcement 
 
NOTE: this information 
is provided by simulated 
design in accordance 
with relevant practice, 
original detailed 
construction drawings 
and in-situ inspections 
Geometrical 
dimensions  of 
structural 
elements and 
quantity of 
reinforcement; 
 
Possible defects in 
the detailing 
(reinforcements 
details, beam-
column 
eccentricity, 
column-column 
eccentricity, 
beam-column and 
column-
foundation 
connection, etc.), 
amount of 
reinforcement 
(spacing and other 
details), 
connection 
between steel 
members, 
contribution of 
non-structural 
components 
 
NOTE: this 
information is 
provided by 
simulated design 
in accordance 
with relevant 
practice, original 
detailed 
construction 
drawings and in-
situ inspections 
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Table 3- 33 provides a summary of general requirements of input data to determine component 
strengths and properties specified in the four codified assessment procedures. The details associated 
with assessment of beams, columns, beam-column joints, and shear walls, are shown from Section 
3.3.4.1 to Section 3.3.4.4. 
NZSEE 2006 suggests that probable flexural strength of components (beams, columns, walls, etc.) 
should be used in assessment. Either hand calculation or computer section analysis (e.g. 
RESPONSE2000, ABSTRACT, etc.) can be carried out to determine component flexure and shear 
strength, and it is worth noting that the calculation or analysis procedures are referred to SNZ1995 (i.e. 
NZS3101:1995). It is worth noting that NZSEE 2006 defines limit state criteria at global structure 
level rather than at component level, i.e. it defines a 2.5% interstorey drift corresponding to life safety 
limit state, while the other three codified procedures provide detailed specifications of limit state 
criteria at component level. 
In EN 1998-3:2005 and NTC 2008, procedures and formulae to compute the flexural and shear 
strength for components are specified at different limit states (Damage Limitation, Significant 
Damage, and Near Collapse limit states for EN 1998-3:2005; Serviceability, Life Safeguard, and 
Collapse limit states for NTC 2008) and for different predicted mechanisms (i.e. ductile or brittle). 
ASCE 41-13, however, different from the other three codified assessment procedures, adopts force-
deformation models (with numerical acceptance criteria) for components such as beams, columns, 
beam-column joints, walls, slabs, infills, and so on. In Figure 3- 20 and Figure 3- 21, component 
force-deformation relationships (i.e. component analysis models) with acceptance criteria at different 
performance levels are shown. Summary tables (Table 3- 35, Table 3- 36, Table 3- 38, Table 3- 41, 
Table 3- 43, Table 3- 45, Table 3- 47, Table 3- 48, Table 3- 50, Table 3- 51, and for other components, 
see ASCE 41-13), in which the values specified for modelling parameters (applied in linear or 
nonlinear analyses) and numerical acceptance criteria (i.e. component plastic rotation angle, etc.) are 
recorded, are provided by ASCE 41-13. As shown in Figure 3- 21 and the summary tables, ASCE 41-
13 specifies plastic rotation angles or drifts corresponding to Immediate Occupancy, Life Safety and 
Collapsed Prevention performance levels, and these numerical criteria are usually directly adopted in 
computer analysis programs or tools. More discussions associated with the establishment and 
application of such component models are in Section 5.4.3. 
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Figure 3- 20: Component force versus deformation curves (ASCE41-13 Figure 7-4) 
(Note: Only secondary component actions permitted between points 2 and 4) 
 
 
Figure 3- 21: Generalised component force-deformation or normalised force-deformation ratio relations for 
depicting modelling and acceptance criteria (ASCE 41-13, Commentary) 
It can be concluded that ASCE 41-13 provides much more comprehensive instructions regarding the 
determination of material and component properties or strengths, compared to the other three 
procedures. The followings are clearly specified in ASCE 41-13 while are not specifically included in 
the other codified procedures. 
 Very detailed instructions associated with material strengths to be applied, for instances, 
tables of default values and lower characteristic values along the American design or testing 
history, etc. 
 Detailed instructions associated with the material testing required 
 Force-deformation models for a variety of components, i.e. the component models 
 Detailed instruction associated with the assessment of nonstructural elements 
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3.3.4.1. Beams 
Table 3- 34 provide a summary of procedures to determine beam strengths from the four codified 
assessment procedures. 
As specified in NZSEE 2006, beam flexural strength should be estimated (as previously mentioned, 
either by hand calculation or computer section analysis programs) considering contribution of slab 
reinforcements, bond deterioration, bond slip effect, etc. Beam rotation capacities can then be 
assessed based on the computation of yield curvature, ultimate curvature and plastic hinge length. 
Additionally, the upper bound and the lower bound of the mean flexural strength can be determined as 
beam overstrength and nominal strength, respectively. The determination of beam shear strength is 
referred to design code SNZ1995 (i.e. NZS3101:1995), taking strength degradation due to cyclic 
loading into consideration.  
As specified in EN1998-3:2005 and NTC 2008, different criteria should be applied depending on the 
predicted mechanisms of the beam. For instance, if a ductile mechanism is expected, beam rotation 
capacity corresponding to different limit states should be assessed, and then need to be compared to 
the acceptance criteria in terms of rotation. However, if a brittle mechanism is expected, beam shear 
strength under different limit states should be estimated, and then should be compared to the 
acceptance criteria in terms of shear force. 
In ASCE 41-13, beam force-deformation models are adopted. In Table 3- 35 and Table 3- 36, 
information regarding modelling parameters and numerical acceptance criteria applied in nonlinear 
and linear analyses of beams is gathered. The details associated with analysis approaches are 
presented in Chapter 4. 
Table 3- 34: Determination of beam strengths/capacities 
Beam NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Strengths/
Capacities 
Flexural strength: 
Nominal flexural strength (lower bound) 
Probable flexural strength: Mୠ,୮ = ͳ.Ͳͺ × Mୠ,୬ 
Mb,p=Beam probable flexural strength 
Mb,n=Beam nominal flexural strength 
Flexural overstrength (upper bound) 
(1) Overstrength of the member is 
mainly due to the steel properties. 
Use the upper bound (95%) steel 
yield strength to determine beam 
flexural overstrength 
(2) Mୠ,୭ = ͳ.ʹͷ × Mୠ,୬(*) 
Due to a further 8% increase in steel 
stress due to strain hardening 
(*) Currently assumed in NZ for both 
Grade 300 and Grade 430 steel  
Cast-in-place floor slabs integrally built 
with the beams: reinforcement in slabs 
should be included, and check slab width 
and bar anchorage to ensure adequate 
tensile strength can be developed. 
T- and L- beams (built integrally with 
slabs): check for slab width, anchorage, 
Stiffness: 
Considering 
flexural and 
shear stiffness, 
incl. effect of 
the slab acting 
as a flange in 
monolithic 
construction, 
additional 
flexibility from 
reinforcement 
slip within 
beam-column 
joint 
Table 10-5 
 
Strength: 
Table 10-7 and 
10-13 
Ductile mechanism – under 
flexure: 
NC limit state: 
 total chord rotation capacity at 
ultimate (elastic + inelastic part) : Ʌ୳୫= ͳɀୣ୪ (Ʌ୷+ (φ୳ − φ୷)L୮୪ ቆͳ − Ͳ.ͷL୮୪L୴ ቇ) ɀୣ୪ = 1.5 for primary elements 
and 1 for secondary elements L୴ = shear span  
Depending on how the 
enhancement of strength and 
deformation capacity of concrete 
due to confinement is taken into 
account in the calculation of 
ultimate curvature:  L୮୪= Ͳ.ͳL୴ + Ͳ.ͳ͹h + Ͳ.ʹͶdୠ୐f୷√fୡ  
Ductile mechanism 
– under flexure: 
Collapse limit state 
total chord rotation 
capacity at ultimate 
(elastic + inelastic 
part) :Ʌ୳୫ =ଵஓ౛ౢ ቆɅ୷ +(φ୳ − φ୷)L୮୪ ቀͳ −଴.ହ୐౦ౢ୐౬ ቁቇ ɀୣ୪ = 1.5 for primary 
elements and 1 for 
secondary elements L୴ : shear span  ф୳ : Ultimate 
curvature considering 
the ultimate strain of 
concrete (considering 
the confinement) and 
steel (without 
information the 
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contribution of slab reinforcement 
Bond deterioration due to cyclic loading, 
up 10% decrease for positive moment and 
up to 5% for negative moment for beam 
flexural strength (Hakutoet al 1999) 
Bond slip effect: negligible to flexural 
strength of beams (unlikely that that will 
be a total loss of bond unless plain round 
bars are present) 
Bounds of flexural strength of beam: 
range of expected material strengths 
should be considered when estimating 
maximum and minimum likely expected 
flexural strengths 
Shear strength: 
(The strength reduction factor of 0.85 has 
been built into the formulae): V୆୔୍ =Ͳ.ͺͷ ቀvୡb୵d + ୅౬୤౯౪ୢୱ ቁ =Ͳ.ͺͷ ቀk√fୡ′b୵d + ୅౬୤౯౪ୢୱ ቁ 
SNZ (1995): (conservative estimate) 
k=0.07+10pw=0.07+10As/(bwd) 
As=area of tension reinforcement  
0.0κ≤k≤0.β 
(It was suggested that k=0.2 could be 
assumed for beams without plastic 
hinging, based on test results by Hakuto 
et al (1995) and Priestley (1995). Note 
that k=0.2 is conservative for high 
longitudinal steel contents.) 
Degradation of shear strength: 
(degradation of the nominal shear stress 
carried by the concrete, k√fୡ′) 
Ductility capacity: (curvature/ 
rotation) 
First yield curvature 
(1) φ୷ = ε౯ୢ−୩ୢ ɂ୷ = strain at first yield of the 
longitudinal tension reinforcement 
d = effective depth of longitudinal 
tension reinforcement 
kd = neutral axial depth when 
tension steel reaches the strain at 
first yield 
(2) φ୷ = ଵ.଻ε౯h  where h=beam depth 
(Priestley and Kowalsky, 2000) 
Ultimate curvature: φ୳ = εౙ౫ୡ  
Equivalent plastic hinge length 
(1) Lp=0.5h 
(2) Lp=0.08L+0.022fydb 
L = distance of the critical plastic 
hinge section from the estimated 
point of contra-flexure (L=0.5Lc, 
where Lc=beam clear span) 
fy = probable yield strength of 
longitudinal reinforcement 
db = diameter of longitudinal 
reinforcement 
Rotation capacity (=> plastic story drift in 
a beam sidesway mechanism):Ʌ୮ =ሺφ୳ − φ୷ሻ L୮ 
L୮୪ = L୴͵Ͳ + Ͳ.ʹh + Ͳ.ͳͳdୠ୐f୷√fୡ  dୠ୐= mean diameter of the 
tension reinforcement 
Other empirical expressions can 
be used for the calculation of 
θum andɅ୳୫୮୪ . 
SD limit state: θSD = 3/4θum 
DL limit state: chord rotation 
capacity at yielding: Ʌ୷ =
ф୷ ୐౬+ୟV୸ଷ + Ͳ.ͲͲͳ͵ͷ ቀͳ +ଵ.ହ୦୐౬ ቁ + ε౯ୢౘ୤౯(ୢ−ୢ′)∙଺√୤ౙ a୚μ = the tension shift of the 
bending moment diagram 
(a୚ = ͳ if M୷ > L୴Vୖ ,ୡ otherwise a୚ = Ͳ if M୷ < L୴Vୖ ,ୡ) 
Or from the alternative 
expressions: Ʌ୷= ф୷ L୴ + a୚μ͵+ Ͳ.ͲͲͳ͵ (ͳ + ͳ.ͷhL୴ )+ Ͳ.ͳ͵ф୷dୠf୷√fୡ  
Brittle mechanism – shear: 
NC limit state:Vୖ =ଵஓ౛ౢ [h−୶ଶ୐౬ minሺN; Ͳ.ͷͷAୡfୡሻ +ሺ−Ͳ.Ͳͷ min(ͷ; Ɋ∆୮୪)ሻ ∙ ∙ [Ͳ.ͳ͸ maxሺͲ.ͷ; ͳͲͲɏ୲୭୲ሻ ∙∙ (ͳ − Ͳ.ͳ͸ min (ͷ; L୴h )) √fୡAୡ+ V୵]] 
VR decreases with the plastic part 
of the ductility demand 
 x = compression zone depth 
Vw = contribution of transverse 
reinforcement 
For cross-sections with 
rectangular web of width bw: V୵ =  ɏ୵b୵μf୷୵ 
 
For circular cross-sections: V୵ = Ɏʹ Aୱ୵s f୷୵ሺD − ʹcሻ 
The minimum of shear resistance 
calculated in accordance with 
EN1992-1-1:2004 or by means of 
the previous expressions should 
be used in the assessment 
SD and DL limit states: The 
verification is not required unless 
these LS are the only ones to be 
checked (in that case see NC) 
maximum strain can 
be assumed equal to 
4%) L୮୪= Ͳ.ͳL୴ + Ͳ.ͳ͹h+ Ͳ.ʹͶdୠ୐f୷√fୡ  dୠ୐= mean diameter 
of the tension 
reinforcement 
Another empirical 
expression can be 
used for the 
calculation of θu. 
Life safeguard limit 
state: θSD = 2/3θu 
Serviceability limit 
state: chord rotation 
capacity at yielding Ʌ୷ = ф౯୐౬ଷ +Ͳ.ͲͲͳ͵ ቀͳ + ଵ.ହ୦୐౬ ቁ +଴.ଵଷф౯ୢౘ୤౯√୤ౙ  fୡ and f୷ are obtained 
as average from in 
situ tests divided by 
partial safety factor 
and CF 
Brittle mechanism – 
shear: 
Ultimate limit states: Vୖ ୢ= [Ͳ.ͳͺ ∙ k
∙ ሺͳͲͲɏଵfୡ୩ሻభయɀୡ + Ͳ.ͳͷ∙ σୡ୮] ∙ ∙ b୵d൒ (v୫୧୬ + Ͳ.ͳͷ∙ σୡ୮)b୵d k = ͳ + (ʹͲͲd )భమ ൑ ʹ v୫୧୬ = Ͳ.Ͳ͵ͷkయమfୡ୩భమ  
d=useful height of 
section  ɏ୪ = Aୱ୪ሺb୵dሻ ൑ Ͳ.Ͳʹ σୡ୮ = N୉ୢAୡ ൑ Ͳ.ʹfୡୢ b୵=minimum width 
of section 
 
Material strength are 
average from in situ 
tests and other 
information divided 
by CF and partial 
safety factor 
 
 
  
Thesis Page 80 
 
Table 3- 35: Modelling parameters and numerical acceptance criteria for reinforced concrete beams for 
nonlinear procedures (ASCE 41-13, Table 10-7) 
 
Table 3- 36: Numerical acceptance criteria for reinforced concrete beams  for linear proceudres (ASCE 41-13, 
Table 10-13) 
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3.3.4.2. Columns 
Table 3- 37 provides a summary of procedures to determine column strengths from the four codified 
assessment procedures.  
In NZSEE 2006, similar to the determination of beam strength, it is specified that column flexural 
strength should be estimated considering bond deterioration, slip effect and effect of earthquake 
induced axial load, with the upper and lower bounds approximated. The determination of column 
shear strength is referred to design code SNZ 1995 (i.e. NZS3101:1995), taking degradation of shear 
strength due to cyclic loading into consideration. 
In EN1998-3:2005 and NTC 2008, the determination of column capacities – flexural rotation capacity 
or shear strength, is similar to the determination of beam capacities. EN 1998-3:2005 specifies 
additional guidance regarding column crushing failure. 
In ASCE 41-13, similar to the beam force-deformation models, column force-deformation models are 
adopted. In Table 3- 38 and Table 3- 41, information regarding modelling parameters and numerical 
acceptance criteria applied in nonlinear and linear analyses of columns is gathered. The details 
associated with analysis approaches are presented in Chapter 4.  
Table 3- 37: Determination of column strengths/capacities 
Column NZSEE 2006 ASCE 41-13 EN 1998-3:2005 NTC 2008 
Strengths/
Capacities 
Flexural strength: 
Flexural overstrength (upper bound) 
For columns confined by NZS3101:1995 
specified amount of transverse 
reinforcement in potential plastic hinge 
regions:Mୡ୭୪,୭ = ቆͳ.ʹͷ + ʹ ( ୒∗୤ౙ′ ୅ౝ −Ͳ.ͳ)ଶቇ Mୡ୭୪,୬ ൒ ͳ.ʹͷ × Mୡ୭୪,୬ 
For columns with less confining 
reinforcement than currently specified in 
potential plastic hinge regions: the 
expected overstrength material strengths 
should be used to calculated the column 
flexural overstrength 
Bond slip effect: check for lap length 
(ш20db for deformed bars), bond strength 
capacity degradation. M୤ = max [l୪ୟ୮lୢ M୬, Ͳ.ͷNሺD − aሻ] M୪ୟ୮ = M୬ − Ʌ୮Ͳ.Ͳʹͷ ሺM୬ − M୤ሻ 
Mf=Final moment capacity 
Mn=Initial full moment capacity 
Mlap=Moment capacity of a lap splice 
llap=provided lap length 
ld=theoretical development length 
D=overall width of the member 
a=depth of the compression stress block 
θp=plastic rotation demand on the 
connection 
(Residual strength remains after the lap 
splice fails in bond, due to the presence 
of eccentric compression stress block, 
preventing a catastrophic failure) 
Earthquake induced axial forces: for 
Stiffness: 
Considering flexural, shear and axial 
stiffness, additional flexibility from 
reinforcement slip within beam-column 
joint or foundation before yielding 
Table 10-5 
NOTE: low axial load 
Strength: 
Table 10-8 and 10-9 
(SAME for beams and Walls) 
 
Ductile mechanism – 
under flexure: same 
as beam capacity 
Brittle mechanism – 
shear: same as beam 
capacity 
 
Add: If in a concrete 
column the shear span 
ratio, ୐౬୦ , at the end 
section with the 
maximum of the two 
end moments, is less 
or equal to 2.0, its 
shear strength Vୖ  
should not be taken 
greater than the value 
corresponding to 
failure by web 
crushing along the 
diagonal of the column 
after flexural yielding, Vୖ ,୫ୟ୶: Vୖ ,୫ୟ୶= ସ଻ ሺͳ − Ͳ.Ͳʹ minሺͷ; ɊΔ୮୧ሻሻɀୣ୪ (ͳ+ ͳ.͵ͷ NAୡfୡ) ∙ ∙ ሺ ͳ+ Ͳ.ͶͷሺͳͲͲɏ୲୭୲ሻሻ√minሺͶͲ; fୡሻ b୵μsinሺʹɁሻ
 ɀୣ୪=1.15 for primary 
seismic elements and 
1.0 for secondary 
seismic ones 
 
Ductile 
mechanism – 
under 
flexure: same 
as beam 
capacity 
 
Brittle 
mechanism – 
shear: same 
as beam 
capacity 
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multi-bay frames, the earthquake induced 
axial forces are not significant in 
comparison to gravity actions. In order to 
avoid running a frame analysis at this 
early stage (i.e. before the available 
displacement ductility is ascertained),for 
critical corner columns the beam shear 
capacities from the end spans can be 
summed and factored by Rv from 
Appendix A of SNZ (1995) as an initial 
approximation. 
Bounds of flexural strength of column: 
range of expected material strengths 
should be considered when estimating 
maximum and minimum likely expected 
flexural strengths 
Shear strength: (SNZ1995, 
conservative estimate) 
(The strength reduction factor of 0.85 has 
been built into the formulae, another 
factor of 0.85 applied to obtain a closer 
estimate of the lower bound test data) Vେ୔୍ = Ͳ.͹ʹሺVେ + Vୱ + V୬ሻ Vେ = vୡͲ.ͺA୥ =  k√fୡ′Ͳ.ͺA୥ Vୱ = A୴f୷୲d”s cot͵Ͳ° rectangular hooβ Vୱ = Ɏʹ Aୱ୮f୷୲d”s cot͵Ͳ° circular hooβ V୬ = N∗tan∞ 
Degradation of shear strength: 
(degradation of the nominal shear stress 
carried by the concrete, k√fୡ′ (the 
difference between the magnitudes of the 
shear resisted by the concrete 
mechanisms for beams and columns is 
attributed to the distributed longitudinal 
reinforcement of columns.) 
Ductility capacity: (curvature/rotation) 
First yield curvature 
(1) Use a bilinear approximation of 
column moment curvature 
response, since there is no well-
defined yield curvature for column. 
(2) φ୷ = ଶ.ଷହε౯ୈ  where D=column 
diameter φ୷ = ଶ.ଵଶε౯୦  where h=column depth 
(Priestley and Kowalsky, 2000) 
Ultimate curvature: φ୳ = εౙ౫ୡ  
Equivalent plastic hinge length 
(1) Lp=0.5h 
(2) Lp=0.08L+0.022fydb 
L = distance of the critical plastic 
hinge section from the estimated 
point of contra-flexure 
fy = probable yield strength of 
longitudinal reinforcement 
db = diameter of longitudinal 
reinforcement 
Since axial load critically affects the 
ultimate curvature, it is essential that 
seismic axial forces be included when 
estimating column plastic rotation. The 
critical column will be the one with 
highest axial compression. 
 
 
Shear strength: V୬ = kV୭ =k [୅౬୤౯ୢୱ + ɉ ቌ ଺√୤ౙ′୑/୚ୢ √ͳ + ୒౫଺√୤ౙ′ ୅ౝቍ Ͳ.ͺA୥] 
(lb/in²) V୬ = kV୭ =k [୅౬୤౯ୢୱ +
ɉ ቌ଴.ହ√୤ౙ′୑/୚ୢ √ͳ + ୒౫଴.ହ√୤ౙ′ ୅ౝቍ Ͳ.ͺA୥](MPa) 
k = 1.0 in regions where displacement ductility 
demand is less than or equal to 2 
k = 0.7 in regions where displacement ductility 
is greater than or equal to 6, and varies linearly 
for displacement ductility between 2 and 6 
ʄ = 0.75 lightweight aggregate concrete 
ʄ = 1.0 normal weight aggregate concrete 
Nu = axial compression force (0 for tension) 
M/Vd = largest ratio of moment to shear times 
effective depth under design loadings for the 
column, 2 < M/Vd< 4 
d = effective depth (d=0.8h, h=dimension of 
the column in the direction of shear) 
Ag = gross cross-sectional area of column 
NOTE: 
(1) Calculation of Nu: (from linear procedures) 
Max Nu considering design gravity load 
only, and Min Nu considering both gravity 
and earthquake loading 
(2) Alternative formulations for column 
strength that consider effects of reversed 
cyclic inelastic deformations and that are 
verified by experimental evidence shall be 
permitted 
(3) For columns satisfying detailing and 
proportioning requirements of ACI 318 
Chapter 21, the shear strength equations of 
ACI 318 shall be permitted. 
(4) k values and displacement ductility demand 
(reduction in column shear capacity with 
increasing nonlinear deformations) 
For a column experiencing flexural yielding 
before shear failure (Vp< Vo), displacement 
ductility demand is defined as ୫ୟ୶୧୫୳୫ ୢ୧ୱ୮୪ୟୡୣ୫ୣ୬୲ ୢୣ୫ୟ୬ୢ୷୧ୣ୪ୢ ୢ୧ୱ୮୪ୟୡୣ୫ୣ୬୲  
The yield displacement is the lateral 
displacement of the column, determined 
using the effective rigidities from Table 10-
5, at a shear demand resulting in flexural 
yielding of the plastic hinges, Vp. The 
maximum displacement demand for the 
column can be estimated as the maximum 
interstorey displacement demand. 
Alternatively, the interstorey displacement 
demand can be refined by accounting for 
the interstorey displacements caused by 
rigid body rotations at the column’s base 
and top.  
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Table 3- 38: Modelling parameters and numerical acceptance criteria for reinforced concrete columns for 
nonlinear procedures (ASCE 41-13, Table 10-8) 
 
Table 3- 39: Transverse reinforcement details: condition to be used for columns in ASCE 41-13 Table 10-8 
(ASCE 41-13, Table 10-11) 
 
Table 3- 40: Database results for modelling parameters in ASCE 41-13 Table 10-8 (ASCE 41-13, Table C10-1) 
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Table 3- 41: Numerical acceptance criteria for reinforced concrete columns linear procedures (ASCE 41-13, 
Table 10-9) 
 
3.3.4.3. Joints 
Table 3- 42 provide a summary of procedures to determine beam-column joint shear strength from the 
four codified assessment procedures. 
In NZSEE 2006, the determination of joint shear strength is referred to design code SNZ 1995 (i.e. 
NZS3101:1995), taking degradation of shear strength due to cyclic loading into consideration. It is 
worth noting that the guidelines are only applicable for joint without shear reinforcement in the joint 
region. Similar to the guidelines provided in NZSEE 2006, in EN 1998-3:2005 and NTC 2008, the 
determination of joint shear strength is referred to European design standards. In ASCE 41-13, similar 
to beam and column force-deformation models, joint models are adopted. In Table 3- 43 and Table 3- 
45, information regarding modelling parameters and numerical acceptance criteria applied in 
nonlinear and linear analysis of joints is gathered. The details associated with the analysis approaches 
are presented in Chapter 4. 
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Table 3- 42: Determination of joint shear strength/capacity 
Joint NZSEE 2006 ASCE 41-13 EN 1998-3:2005 NTC 2008 
Strengths/
Capacities 
Shear strength: 
(for interior and exterior beam-column joints 
without shear reinforcement, the probable 
horizontal joint shear force that can be resisted 
as:)  V୮୨୦ = Ͳ.ͺͷvୡ୦b୨h= Ͳ.ͺͷk√fୡ′√ͳ + N∗A୥k√fୡ′ b୨h൑ ͳ.ͻʹ√fୡ′b୨h 
Where: 
Vijh = probable horizontal joint shear force 
vch =  nominal horizontal joint shear stress 
carried by a diagonal compressive strut 
mechanism crossing joint 
k = 1.0 for interior joint 
k =  0.4 for exterior joint with beam 
longitudinal bars anchored by bending the 
hooks into the joint core 
k = 0.25 for exterior joint with beam 
longitudinal bars anchored by bending the 
hooks away from the joint core (into column 
above or below) 
fc’ = expected concrete compressive strength 
bj = effective width of the joint (normally the 
column width) 
h = depth of column 
Ag = area of joint, Ag=bjhc 
NOTE: 
(1) Conservative approach, particularly if 
there are no plastic hinges undergoing 
cyclic deformations in the post-elastic 
range adjacent to the joint core. 
(2) Recommended values for k: based on 
the estimated maximum nominal 
horizontal joint core shear stress, 
calculated in the conventional way, 
resisted by beam-column joints in tests 
without joint shear reinforcement and 
without axial load. 
The term indicating the influence of 
axial load, ͳ + ୒∗୅ౝ୩√୤ౙ′ was obtained by 
assuming that the diagonal tensile 
strength of the concrete was  k√fୡ′ and 
calculating using εohr’s circle for stress 
the horizontal shear stress required to 
induce this diagonal (principal) tensile 
stress when the vertical compressive 
stress is N*/Ag (Hakuto et al (2000)) 
Degradation of shear strength: (degradation of  k√fୡ′) 
 
NOTE:  
Interior joints are not as vulnerable as exterior 
joint  
Exterior joints with the 90° hooks at the end of 
the longitudinal beam bars bent away from the 
joint core do not perform well because the 
beam bar hooks do not properly engage the 
corner to corner diagonal compression strut 
Stiffness: 
Where not modelled 
explicitly, should be 
implicitly modelled by 
adjusting a centreline 
model: 
 
 
Account for shear 
flexibility, stiffness values 
used for beams and 
columns, flexibility 
resulting from bar slip 
Shear strength: V୬ = ɉɀ√fୡ′A୨ (lb/in²) V୬ = Ͳ.Ͳͺ͵ɉɀ√fୡ′A୨ (MPa) 
ʄ = 0.75 for lightweight 
aggregate concrete 
ʄ = 1.0 for normal weight 
aggregate concrete 
Aj = effective horizontal 
joint area with dimensions 
defined by: 
(a joint depth equal to the 
column dimension in the 
direction of framing and a 
joint width equal to the: 
min[column width, beam 
width plus joint depth, 
twice the smaller 
perpendicular distance 
from the longitudinal axis 
of the beam to the column 
side]) 
γ = Table 10-12 
Table 10-10 and 10-14 
Shear strength: 
NC limit state: the 
diagonal compression 
shall not exceed the 
compressive strength 
of a concrete in the 
presence of transverse 
tensile strains. 
This requirement can 
be satisfied by means 
of the subsequent 
rules: 
Interior joints: V୨୦ୢ൑ Ʉfୡୢ√ͳ − ɋɄୢ b୨h୨ୡ V୨୦ୢ= ɀୖୢሺAୱଵ + Aୱଶሻf୷ୢ− Vc Ʉ = Ͳ.͸ሺͳ − fୡ୩ʹͷͲሻ h୨ୡ: the distance 
between extreme 
layers of column 
reinforcement ɋୢ: the normalized 
axial force in the 
column above the 
joint 
Exterior joints:V୨୦ୢ <Ͳ.ͺ �fୡୢ√ͳ − ஝ౚη b୨h୨ୡ V୨୦ୢ= ɀୖୢAୱଵf୷ୢ − Vc b୨=the effective joint 
width If bୡ > b୵: b୨= min{bୡ; ሺb୵+ Ͳ.ͷhୡሻ} Ifbୡ < b୵: b୨= min{b୵; ሺbୡ+ Ͳ.ͷhୡሻ} 
 
SD and DL limit 
states: 
The verification is not 
required unless these 
LS are the only ones 
to be checked (in that 
case see NC) 
 
Diagonal 
tensile/compressive 
strength: 
Verification of 
strength must be 
done only for not 
entirely confined 
beam- column 
joints: 
For diagonal tensile 
strength: σ୬୲ = | ୒ଶ୅ౝ −√( ୒ଶ୅ౝ)ଶ + (୚౤୅ౝ)ଶ| 
and σ୬୲൑ Ͳ.͵√fୡ ሺfୡ in MPaሻ 
For diagonal 
compressive 
strength: σ୬ୡ= NʹA୥+ √ሺ NʹA୥ሻଶ + ሺV୬A୥ሻଶ൑ Ͳ.ͷfୡ 
 
N=axial load on the 
upper column 
Vn=total shear in 
the joint considering 
the shear from the 
upper column and 
the shear related to 
tensile stress of 
superior longitudinal 
bars of beam 
Ag=horizontal 
section of joint 
 
Material strength are 
average from in situ 
tests and other 
information divided 
by CF and partial 
safety factor 
 
Table 3- 43: Modelling parameters and numerical acceptance criteria for reinforced concrete beam-column 
joints for nonlinear procedures (ASCE 41-13 Table 10-10) 
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Table 3- 44: Values of γ for joint strength calculation (ASCE 41-13, Table 10-12) 
 
Table 3- 45: Numerical acceptance criteria for reinforced concrete beam-column joints for linear procedures 
(ASCE 41-13, Table 10-14) 
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3.3.4.4. Walls (requires future research and investigation) 
Table 3- 46 provides a summary of procedures to determine wall strength from the four codified 
assessment procedures. 
Table 3- 46: Determination of wall strengths/capacities 
Wall NZSEE 2006 ASCE 41-13 EN 1998-3:2005 NTC 2008 
Strengths/
Capacities 
Flexural strength: 
Centre of mass for the building 
Effective stiffness of each wall (NZS3101: Part 2:1995 Table C3.1) 
Probable flexural capacity for each structural wall (at wall base) 
Shear strength: (Probable shear)  
Concrete contribution to shear capacity:vୡ୮ = Ͳ.͸√ ୤ౙ′ଶହ ୒∗୅ౝ 
(The equation was based on concrete compression strength of 25MPa, 
in order to allow some benefit to be derived when the assessed concrete 
in the existing structure is stronger.)vୡ୮ = ሺହ−ஜ౩ౚሻቆ√୤ౙ′ +N∗Aౝቇଵ଺  
(The equation is applicable to elements of limited ductility (i.e. for 
moderate displacement ductility demand, say, less than 3). Higher 
nominal shear stresses were obtained using this equation.)Vୡ = vୡ୮b୵d 
Reinforcing steel contribution:Vୱ = ୅౬୤౯౪ୢୗ  
Total probable lateral force :V୮୰୭ୠ = ଵ.ହ ∑ ୑౭౦୦౭  
Eccentricity: 
Centre of resistance CV:y̅େ୚ = ∑ ୚౭౮౦౟౟భ ୷౟∑ ୚౭౮౦౟౟భ  ?x̅େ୚ = ∑ ୚౭౯౦౟౟భ ୶౟∑ ୚౭౯౦౟౟భ ? 
Or:y̅େ୚ = ∑ ୑౭౮౦౟౟భ ୷౟∑ ୑౭౮౦౟౟భ ?x̅େ୚ = ∑ ୑౭౯౦౟౟భ ୶౟∑ ୑౭౯౦౟౟భ ? 
Centre of mass CM:y̅େ୑ = ∑ ୅౭౮౟౟భ ୷౟∑ ୅౭౮౟౟భ ?x̅େ୑ = ∑ ୅౭౯౟౟భ ୶౟∑ ୅౭౯౟౟భ ? 
Or: (if all walls have same/similar thickness) y̅େ୑ = ∑ ୐౭౮౟౟భ ୷౟∑ ୐౭౮౟౟భ ? x̅େ୑ = ∑ ୐౭౯౟౟భ ୶౟∑ ୐౭౯౟౟భ ? e୴୷ = y̅େ୚ − y̅େ୑, e୴୶ = x̅େ୚ −x̅େ୑ 
Curvature ductility capacity: 
For walls with no confinement:Ɋφ = ଵ.ଶହౙL౭ , and A୰ = ୦౛౜౜୐౭  
(Required curvature ductility capacity of cantilever wall sections as a 
function of displacement ductility demand and aspect ratio) 
heff = 0.67hw  for cantilever walls 
heff = 0.5hw  for dual systems L୮ = Ͳ.ͲͺH୵ + Ͳ.Ͳʹʹdୠf୷ Ɋୢ = (Ɋφ − ͳ) × ͵ ( L୮H୵) [ͳ − Ͳ.ͷ ( L୮H୵)] + ͳ 
(Using this way, the calculated displacement ductility capacities are 
CLOSE to the results obtained from the Figure) 
For walls with confinement: Ɋ = ͶͲ [ A౩౞S౞౞"Aౝ∗Aౙ∗ ౜ౙ౜౯౞ቀ ౙL౭−଴.଴଻ቁ − Ͳ.ͳ](NZSEE 2006Eq7(36) is incorrect) 
Deformation capacity: φ୵୷ = ͳ.ͺɂ୷L୵  Ɋ୵ୡ = Ͳ.ͲʹͷሺA୰ୣ − Ͳ.ʹͷሻ L୵U୵୷ + ͳ = Ͳ.ͲͶሺA୰ୣ − Ͳ.ʹͷሻɂ୷A୰ୣଶ + ͳ U୵୷ = (ͳʹ φ୵୷hୣ୤୤) × (ʹ͵ hୣ୤୤) = ͳ͵ φ୵୷hୣ୤୤ଶ = Ͳ.͸ɂ୷A୰ୣhୣ୤୤ U୵୮ = U୵୷ሺɊ୵ୡ − ͳሻ , U୵ୡ = U୵୷ + U୵୮ = U୵୷ × Ɋ୵ୡ 
Displacement capacity of the building is controlled by the wall element 
with the smallest Are. Thus, the equations need to be considered only 
for the wall of the system with the greatest length. Ɂ୵୷ = ͳʹ φ୵୷hୣ୤୤ = U୵୷ଶଷ hୣ୤୤ = Ͳ.ͻɂ୷A୰ୣ Ɂ୵୮ = ୙౭౦୦౛౜౜−భమ୐౦, Ɂ୵,୫ୟ୶ = Ɂ୵୷ + Ɂ୵୮ ൑ ʹ.ͷ% 
It is assumed that the stiffness of an element is proportional to its 
probable strength. Each element can be expected to enter the inelastic 
domain at a different lateral displacement, and the superposition of 
element responses leads to the non-linear total response of the system. 
Although a system does not have a distinct nominal yield displacement, 
a reference system nominal yield displacement is defined as: Uୱ୷ = ∑ ୑౭౦୦౛౜౜ ∑ ୩౭, Uୱ = U୵ୡ,୫୧୬, Ɋୱ = ୙౩୙౩౯ = ୙౭ౙ,ౣ౟౤୙౩౯  
Stiffness: 
Based on the 
material 
properties, 
component 
dimensions, 
reinforcement 
quantities, 
boundary 
conditions, and 
current state of 
the member 
with respect to 
cracking and 
stress levels. 
LSP, LDP, 
NSP, NDP 
Table 10-5 
Strength: 
(Determined 
considering the 
potential for 
failure in 
flexure, shear, 
or development 
under combined 
gravity and 
lateral load.) 
Flexural 
strength: 
ACI 318 
Chapter 10, 
Table  10-19 
Shear strength: 
ACI 318 
Chapter 21, 
Table 10-20 
Ductile mechanism – 
under flexure: 
NC limit state: Same as 
beams and columns 
SD limit state: Same as 
beams and columns 
DL limit state: chord 
rotation capacity at 
yielding for walls of 
rectangular, T- or 
barbelled sectionɅ୷ =ф୷ ୐౬+ୟV୸ଷ +Ͳ.ͲͲʹ ቀͳ − ଴.ଵଷହ୐౬୦ ቁ +ε౯ୢౘ୤౯ሺୢ−ୢ′ሻ∙଺√୤ౙ a୚μ = the tension shift of 
the bending moment 
diagram (a୚ = ͳ if M୷ > L୴Vୖ ,ୡ otherwise a୚ = Ͳ if M୷ < L୴Vୖ ,ୡ) 
Or from the alternative 
expressions:Ʌ୷ =ф୷ ୐౬+ୟV୸ଷ +Ͳ.ͲͲʹ ቀͳ − ଴.ଵଶହ୐౬୦ ቁ +଴.ଵଷф౯ୢౘ୤౯√୤ౙ  
Brittle mechanism – 
shear: 
NC limit state: Same as 
for beams and columns 
Add: the shear strength 
of a concrete wall, Vୖ , 
may not be taken greater 
than the value 
corresponding to failure 
by web crushing, Vୖ ,୫ୟ୶, 
which under cyclic 
loading may be 
calculated as:Vୖ ,୫ୟ୶ =଴.଼ହቀଵ−଴.଴଺ ୫୧୬ቀହ;ஜΔ౦౟ቁቁஓ౛ౢ ሺͳ +ͳ.ͺ min ቀͲ.ͳͷ; ୒୅ౙ୤ౙቁሻ ሺͳ+ Ͳ.ʹͷ maxሺͳ.͹ͷ; ͳͲͲɏ୲୭୲ሻሻሺͳ− Ͳ.ʹmin ሺʹ; L୴h ሻ√fୡb୵μ 
The minimum of shear 
resistance calculated in 
accordance with 
EN1992-1-1:2004 or by 
means of the  previous 
expressions should be 
used in the assessment 
SD and DL limit states: 
The verification is not 
required unless these LS 
are the only ones to be 
checked (in that case see 
NC) 
Ductile 
mechanism – 
under 
flexure: 
Collapse limit 
state: Same as 
beams and 
columns 
Life 
safeguard 
limit state: 
Same as 
beams and 
columns 
Serviceability 
limit state: 
chord rotation 
capacity at 
yielding for 
walls:Ʌ୷ =ф౯୐౬ଷ +Ͳ.ͲͲʹ ቀͳ −଴.ଵଶହ୐౬୦ ቁ +଴.ଵଷф౯ୢౘ୤౯√୤ౙ  fୡ and f୷ are 
obtained as 
average from 
in situ tests 
divided by 
partial safety 
factor and CF 
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Table 3- 47: Modelling parameters and numerical acceptance criteria for RC shear walls and associated 
components controlled by flexure for nonlinear procedures (ASCE 41-13, Table 10-19) 
 
Table 3- 48: Modelling parameters and numerical acceptance criteria for RC shear walls and associated 
components controlled by shear for nonlinear procedures (ASCE 41-13, Table 10-21) 
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Table 3- 49: Reinforced concrete shear wall component types (ASCE 41-13, Table C10-2) 
 
 
Figure 3- 22: Identification of component types in the concrete shear wall elements (FEMA 306 (1998b)) 
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Table 3- 50: Numerical acceptance criteria for RC shear walls and associated components controlled by flexure 
for linear procedures (ASCE 41-13, Table 10-21) 
 
Table 3- 51: Numerical acceptance criteria for RC shear walls and associated components controlled by shear 
for linear procedures (ASCE 41-13, Table 10-22) 
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3.3.5. Difference in the analysis approaches 
Table 3- 52 provides a summary of analysis approaches adopted in the four codified assessment 
procedures. It can be concluded that similar analysis approaches are suggested in the different 
assessment procedures. At preliminary assessment level, the minimum level of analysis is required in 
all the four codified procedures. At the most detailed assessment level, ASCE 41-13, EN 1998-3:2005 
and NTC 2008 suggested that analysis approach can be select from LSP, LDP, NSP and NDP 
depending on the objective of assessment, access of input information, availability of analysis tools, 
etc. Among all the analysis approaches presented in Table 3- 52, Sδaεa is a unique analytical (“by-
hand”) method to predict nonlinear response. General reviews and critical comparisons among 
analysis approaches are shown in Chapter 4. 
Table 3- 52: Analysis approaches adopted in the four codified assessment procedures 
  
Codified Seismic Assessment/Evaluation Procedures 
Level/Stage of Assessment/ Evaluation NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Screening with 
Minimal Level 
of Analysis 
Applied 
Specific Title in Each 
Code/Guideline 
Initial Seismic 
Assessment (ISA) 
Tier 1 Screening 
Procedure 
Evaluation of 
Knowledge Level 
Evaluation of 
Knowledge Level 
Inputs and Requirements 
    
Analysis Approch None Simplified LSP None None 
Evaluation Procedures 
and Applied Tools     
Acceptance Criteria 
    
Outputs 
    
Limitations 
    
More Detailed 
Assessment 
than Screening 
Specific Title in Each 
Code/Guideline 
NONE 
Tier 2 Deficiency-
based Evaluation 
Knowledge Level 1 
Confidence Factor 
Knowledge Level 1 
Confidence Factor 
Inputs and Requirements 
   
Analysis Approch LSP  LSP  LSP  
LDP 
 
LDP 
 
LDP 
 
Evaluation Procedures 
and Applied Tools    
Acceptance Criteria 
 
 
 
Outputs 
   
Limitations 
   
Detailed 
Assessment 
Specific Title in Each 
Code/Guideline 
Detailed Seismic 
Assessment (DSA) 
Tier 3 Systematic 
Evaluation 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Inputs and Requirements 
    
Analysis Approch 
LSP 
 
LSP 
 
LSP 
 
LSP 
 
LDP 
 LDP 
 
LDP 
 
LDP 
 SLaMa 
 
NSP 
 
NSP 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
NDP 
 
NDP 
 
Evaluation Procedures 
and Applied Tools 
General 
 
   
FB 
 
DB 
 
Acceptance Criteria 
 
LSPLDP 
 
  NSPNDP 
 
Outputs 
LSP . 
LSPLDP 
 
  
LDP 
 
SLaMa 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
Limitations 
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3.4. Simplified Assessment Procedures 
The assessment procedures can be simplified by either simplifying the evaluation process or 
simplifying the selected analysis approach.  
Table 3- 53: Simplified procedures found in the four codified assessment procedures 
  
Codified Seismic Assessment/Evaluation Procedures 
Level/Stage of Assessment/ 
Evaluation NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Screening 
with Minimal 
Level of 
Analysis 
Applied 
Specific Title in 
Each 
Code/Guideline 
Initial Seismic 
Assessment 
(ISA) 
Tier 1 
Screening 
Procedure 
Evaluation of 
Knowledge Level 
Evaluation of 
Knowledge Level 
Inputs and 
Requirements     
Analysis Approach 
    
Evaluation 
Procedures and 
Applied Tools     
Acceptance 
Criteria     
Outputs 
    
Limitations 
    
More 
Detailed 
Assessment 
than 
Screening 
Specific Title in 
Each 
Code/Guideline 
NONE 
Tier 2 
Deficiency-based 
Evaluation 
Knowledge Level 1 
Confidence Factor 
Knowledge Level 1 
Confidence Factor 
Inputs and 
Requirements 
   
Analysis Approach LSP  LSP  LSP  
LDP 
 
LDP 
 
LDP 
 
Evaluation 
Procedures and 
Applied Tools    
Acceptance 
Criteria  
 
 
Outputs 
   
Limitations 
   
Detailed 
Assessment 
Specific Title in 
Each 
Code/Guideline 
Detailed Seismic 
Assessment (DSA) 
Tier 3 Systematic 
Evaluation 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Knowledge Level 2 
Knowledge Level 3 
Confidence Factor 
Inputs and 
Requirements     
Analysis Approach 
LSP 
 
LSP 
 
LSP 
 
LSP 
 
LDP 
 LDP 
 
LDP 
 
LDP 
 SLaMa 
 
NSP 
 
NSP 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
NDP 
 
NDP 
 
Evaluation 
Procedures and 
Applied Tools 
General 
 
   
FB 
 
DB 
 
Acceptance 
Criteria  
LSPLDP 
 
  NSPNDP 
 
Outputs 
LSP . 
LSPLDP 
 
  
LDP 
 
SLaMa 
 
NSP 
 
NSP 
 
NDP 
 
NDP 
 
Limitations 
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As shown in Table 3- 53, the highlighted procedures at the lowest assessment level, such as ISA (from 
NZSEE 2006), Tier 1 (from ASCE 41-13), KL1 (from EN 1998-3:2005 and NTC 2008), compared to 
the procedures at higher assessment levels, are much simpler, with less requirements of the data 
collection process, simpler estimation or calculation procedure, simpler definition of acceptance 
criteria, etc. However, such simplified assessment procedures can only provide preliminary results, 
and further evaluation processes are usually required to confirm the preliminary results. Hence, 
simplifying the evaluation process may not meet the objective of assessment to provide robust results. 
Even though good results can be computed by conducting detailed assessment, the disadvantages 
should also be acknowledged, such as considerable amounts of time and research efforts to collect and 
compile data, great amounts of funds to back up the study and powerful computing or data analysing 
tools, complexity of the analysis approaches involved, etc. Under some circumstances, the 
accessibility of data, availability of researches (i.e. time, money, equipment, etc.) are limited to some 
extent that the comprehensive assessment may become impractical and unjustified (Pinho et al. 2002). 
Therefore, a simplified analysis adopted to reduce of the complexity and expenses without 
influentially reducing the robustness of the assessment outcomes is preferred.  
Hence, in the thesis, the focus is casted on simplified analysis approaches to be adopted at detailed 
assessment level. As shown in Table 3- 52 or Table 3- 53, to assess a typical structure, four analyses 
can be selected – LSP, LDP, NSP, NDP, and as mentioned in Section 3.2.1.2.3 and Section 3.3.5, 
apart from the four analyses, NZSEE 2006 includes a unique SLaMA, which is an analytical (“by-
hand”) pushover analysis approach. Details of Sδaεa and alternative simplified analysis approaches 
are shown in Chapter 4 and Chapter 5, and the evaluation of the capability of these approaches are 
presented from Chapter 7 to Chapter 9. 
It is worth noticing that the simplified NSP (Nonlinear Static Procedure) from ASCE 41-06 is no 
longer included in ASCE 41-13 as an analysis option because it is often difficult to implement. It is 
found that NZSEE 2006 Appendix 4E also mentions this simplified NSP.  
The use simplified NSP was permitted under the following circumstances: 
 Only primary components are modelled, with secondary components excluded from the 
model. Beside, the acceptance criteria and component demands are also within the scope of 
only primary components. 
 Bilinear component force-deformation relationships are considered, and the degrading portion 
of the backbone curve is not explicitly modelled. 
 The components not meeting the acceptance criteria for primary components are designed as 
secondary, and are removed from the mathematical model 
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However, the simplified NSP is no longer applicable, due to the following aspects. 
 The removal of the components in the simplified NSP may result in changes to the regularity 
of the structure that would significantly alter the dynamic response. Otherwise, the secondary 
components should be included in the model, but may be modelled with negligible stiffness, 
in order to obtain deformation demands without significantly affecting the overall response. 
 The use of the bilinear backbone curves is only permitted when it is proved to be appropriate 
by post-processing. As the strength degradation is not explicitly modelled in the simplified 
NSP, the ʅmax factor cannot be reliably estimated. 
 Dynamic instability cannot be properly assessed. Hence, the potential failure mechanisms 
may be missed, particularly for taller buildings. 
 The simplified NSP (in ASCE 41-06)makes it difficult to properly satisfy the requirements of 
ASCE 41-13, as defining the force-deformation characteristics, primary versus secondary 
components, and the appropriate acceptance criteria is often challenging and potentially 
erroneous. 
 Only a static load pattern is applied in the simplified NSP. The analysis cannot capture 
changes in the dynamic characteristics of the structure as yielding and degradation take place. 
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3.5. Alternative Assessment Procedures 
Table 3- 54 gives a brief summary of assessment procedures found in literature. Almost all the 
codified procedures discussed in the literature are found to be out of dated and have been replaced by 
the current versions. Only brief descriptions of the alternative procedures, such as DBELA, ATC 40 
and ATC 52, etc., are included in the thesis, without showing detailed information. 
Table 3- 54: Summary of assessment procedures from literature 
Literature Assessment Procedures 
Simplified Approach to Displacement-based 
Earthquake Loss Estimation Analysis (2002) 
 
Development of a Simplified Deformation-Based 
Method for Seismic Vulnerability Assessment (2003) 
 
A Probabilistic Displacement-based Vulnerability 
Assessment Procedure for Earthquake Loss Estimation, 
and, Simplified Pushover-based Vulnerability Analysis 
for Large-Scale Assessment of RC Buildings (2004) 
 
Simplified Pushover-based Vulnerability Analysis for 
Large-scale Assessment of RC Buildings (B. Borzi, R. 
Pinho, H. Crowley, 2007) 
The simplified displacement-based (and 
probabilistic-based) seismic vulnerability 
assessment procedure, i.e. DBELA 
(Displacement-Based Earthquake Loss 
Assessment Procedure) 
Limitations and Performances of Different Approaches 
for Seismic Assessment of Existing Buildings (G. 
Lupoi, 2003) 
 
Comparison of Different Approaches for Seismic 
Assessment of Existing Buildings (G. Lupoi and G. M. 
Calvi, 2004) 
 US ASCE (FEMA 356) Prestandard 
(which is now superseded by ASCE 41-13) 
 New Zealand Guidelines (Draft Version 
2002) (which is now replaced by NZSEE 
2006 Guidelines) 
 Japanese Guidelines 
(not sure about the latest version) 
Analysis of Code Procedures for Seismic Assessment 
of Existing Buildings (B. Mahaylov, 2006) 
 Italian Seismic Code 
(which is updated by NTC 2008) 
 FEMA 356, FEMA440 
(which is superseded by ASCE 41-13) 
 EC8 (European Code) 
(which is updated by EN1998: 2005) 
 ATC 40 
Capacity Spectrum Method applied in 
HAZUS, basically a NSP 
FIB State-of-Art Report: Seismic Assessment and 
Retrofit  of Reinforced Concrete Buildings 
 ASCE 1999 
(which is now superseded by ASCE 41-13) 
 New Zealand Guidelines(which is now 
replaced by NZSEE 2006 Guidelines) 
 Japanese Guidelines 
(not sure about the latest version) 
 EN 1998 (European Code) 
(which is updated by EN1998: 2005) 
ATC 58 Draft Seismic Performance Assessment of 
Buildings (2011)  
Implementation of analysis program PACT  
Adoption of two alternative structural analysis 
approaches: 
 Nonlinear response history analysis 
 Simplified approach based on elastic 
analysis and knowledge of structure’s yield 
characteristics 
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3.5.1. Displacement-Based Earthquake Loss Assessment Procedure (DBELA) 
A simplified deformation-based assessment procedure has been developed by Pinho et al. since 2002, 
and has been significantly improved in the past ten years. As specified in this procedure, for a typical 
building class, from displacement-height relationships and height-period relationships, displacement 
capacity curves (i.e. displacement-period relationships) under different limit states can be derived. 
Based on the periods at the intersections of the computed displacement capacity curves and 
displacement demand spectra, the damage level of the assessed building class can then be determined. 
The following figure (Figure 3- 23) provides a summary of the procedure. The critical drawbacks of 
this simplified assessment procedure are shown as following: 
 The assessment outcomes are building-class-based, in other words, the response of the 
individual structure cannot be explicitly assessed. 
 The nonlinear response of the structures cannot be appropriately assessed. 
Due to the drawbacks of the procedure shown above, it can be argued that this simplified assessment 
procedure is preferential for the probabilistic-based assessment of a large building inventory. 
 
Figure 3- 23: Flowchart of the Simplified Deformation-based Approach Procedure (Pinho et al. 2002, 2003, 
2004) 
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3.5.2. ATC 40 Capacity Spectrum Method 
Capacity Spectrum Method, adopted in ATC-40, is one alternative to nonlinear dynamic analysis, and 
was originally applied in HAZUS methodology for earthquake loss estimation (as stated in B. Borzi, 
et al. 2007). The performance point of the assessed building can be determined from the intersection 
of an acceleration-displacement spectrum (i.e. demand) and the capacity curve of the building. 
Different analysis methods, for instances, Nonlinear Pushover Analysis or some simplified analyses, 
can be applied to determine the capacity curve. It can be concluded that the analysis approaches to 
determine the capacity is similar to those adopted in the codified procedures, and the most critical 
difference lies in the determination of the demand. The demand is presented in an acceleration-
displacement format (i.e. ADRS), and more discussions regarding applying ADRS are shown in 
Chapter 9. Figure 3- 24 showing as below, provides an illustration of the determination of 
performance point. 
 
Figure 3- 24: Capacity Spectrum Method, as applied in HAZUS (B. Borzi, et al. 2007) 
3.5.3. ATC 58 Application of Analysis Program PACT 
In the assessment procedure from ATC 58, two structural analysis approaches are specified: 
Nonlinear Time History Analysis and a simplified approach based on elastic static analysis. It has 
been found that the component analysis models applied are similar to those from ASCE 41 but with 
more specifications regarding cyclic response and degradation of components, as shown in Figure 3- 
25, Figure 3- 26 and Figure 3- 27. In modelling, the effects due to geometric nonlinear characteristics, 
gravity loads, damping, floor diaphragms, soil-foundation-structure interactions, foundation 
embedment, non-simulated deterioration of components and failure modes are taken into 
consideration. The analyses can compute good estimates of median values for the key structural 
response parameters including peak floor acceleration or velocity, peak storey drift and transient drift.  
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Figure 3- 25: Generalised force-deformation relationships adopted in ATC 58 (ATC 58 Figure 5-1) 
 
Figure 3- 26: Generalised force-deformation relationship of ASCE 41 (ATC 58 Draft Figure 5-2) 
 
Figure 3- 27: Cyclic versus in-cycle degradation of component response (ATC 58 Draft Figure 5-3) 
In ATC-58, a special analysis program, PACT (Performance Assessment Calculation Tool), is applied, 
and the related information is not included in the thesis. 
  
Thesis Page 99 
 
CHAPTER 4 Overviews and Critical Comparison of Analysis 
Approaches 
4.1. Introduction 
This chapter focuses on the analysis approaches applied in the assessment reinforced concrete 
structures. As shown in Table 3- 52 in Section 3.3.5, the four analysis approaches adopted in all the 
four codified assessment procedures are Linear Static Analysis (i.e. Equivalent Static Analysis, 
Lateral Force Analysis, LSP), Linear Dynamic Analysis (i.e. Modal Response Spectrum Analysis, 
LDP), Nonlinear Static Analysis (i.e. Lateral Pushover Analysis, NSP) and Nonlinear Dynamic 
Analysis (i.e. Nonlinear Time History Analysis, NDP). From Section 4.2 to 4.5, the differences found 
for the same type of analysis in different assessment procedures are shown. As mentioned in previous, 
it has been recognised that NZSEE β006 includes a unique simplified analytical (“by hand”) pushover 
analysis SLaMa (Simple Lateral Mechanism Analysis), with detailed procedure of this approach is 
shown in Section 4.6. It is worth noting that in NZSEE 2006 Appendix 4E, the specifications 
concerning Equivalent Static Analysis, Modal Response Spectrum Analysis, Lateral Pushover 
Analysis and Nonlinear Time History Analysis are referred to FEMA 356 (which is superseded by 
ASCE41-13). 
4.2. LSP (Linear Static Procedure) 
In Table 4- 1, Table 4- 2 and Table 4- 3, the differences lie in the applicability of LSP, the 
determination of fundamental period, pseudo lateral load, and vertical distribution of seismic forces 
from the four codified assessment procedures are shown. Table 4- 4 provides a succinct summary of 
the differences. 
From Table 4- 1 in which the applicability or limitations of LSP in the four codified assessment 
procedures are summarised, the following conclusive comments can be are drawn:  
 It is required in all the four codified assessment procedures that LSP is applicable for the 
buildings with no significant vertical stiffness or mass irregularity. Besides, it is specified in 
NZSEE 2006 and ASCE 41-13 that the analysis is applicable for the buildings which have 
insignificant torsional irregularity and orthogonal lateral force resisting system. 
 It is required in all the four codified assessment procedures that LSP is applicable for the 
buildings whose responses are not significantly affected by higher modes. This limitation is 
associated with constraints of building heights or fundamental periods. It has been found that 
in the determination of structure height (or effective height) and fundamental period, the 
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values specified for the parameters or coefficients are different in the four codified assessment 
procedures, as shown in Table 4- 2. 
 It is required in all the four codified assessment procedures that LSP is applicable for the 
buildings that tend to have elastic responses, in other words, have low ductility. It is worth 
noting that different criteria are defined in the four procedures. In NZSEE 2006, the ratio of 
demand to capacity, ȝ, less than 2 is defined. In ASCE 41-13, the demand-capacity ratio, 
DCR, less than 3 or m-factor is defined. The determination of DCR is shown in Table 4- 5 
and Table 4- 6. In EN 1998-3: 2005 and NTC 2008, ratio ρ is specified by ρi=Di/Ci, where Di 
is the demand obtained from the analysis under seismic load combination and Ci is the 
capacity i-th ductile primary element of the structure. EN 1998-3:2005 states that ρmax/ρmin 
should not exceed a maximum acceptance value in the range of 2 to 3 for ductile mechanism 
if LSP is applied, while NTC 2008 points out that ρmax/ρmin should be less than 2.5 for 
ductile mechanisms if LSP is applied. 
It is worth noting that most of these limitations of LSP are also applied to LDP (see Section 4.3). 
Table 4- 1: Applicability or limitation of LSP defined in the four codified assessment procedures 
LSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability or 
Limitations 
Building height not 
exceeding 30 m 
 
No significant vertical 
stiffness or mass 
irregularity present  
 
No significant torsional 
stiffness irregularity 
present  
 
Orthogonal lateral force 
resisting systems present 
 
Either: Elastic 
responding under design 
level  earthquake 
 
Or: Low ductility 
demand/capacity (ȝ<β) 
under design level 
earthquake where: 
 
No in plan or out of plan 
discontinuities present in 
primary lateral force 
resisting system 
 
No significant weak 
storey irregularity present  
 
No significant torsional  
strength irregularity 
present in any storey 
Not applicable if a 
component DCR 
exceeds the lesser of 
3.0 and the m-factor 
for the component 
action 
 
Not applicable if T ≥ 
3.5Ts (Ts = Sx1/Sxs) 
 
Not applicable if the 
ratio of the horizontal 
dimension at any 
storey to the 
corresponding 
dimension at an 
adjacent storey 
exceeds 1.4 
(excluding 
penthouses) 
 
Not applicable if the 
building has a 
torsional stiffness 
irregularity in any 
storey 
 
Not applicable if the 
building has a vertical 
stiffness irregularity  
 
Not applicable if the 
building has a non-
orthogonal seismic-
force-resisting system  
The fundamental 
period of vibration T1 
doesn’t exceed 4 Tc 
or 2s 
 
The buildings must be 
regular in elevation 
 
For the ductile 
mechanism: the ratio 
ρmax/ρmin between 
the maximum and 
minimum values of 
ρi(ρi>1) does not 
exceed a maximum 
acceptable value in 
the range of 2 to 3 
 
Applicable to 
buildings whose 
response is NOT 
significantly affected 
by higher modes 
contribution in each 
principal direction. 
The fundamental 
period of vibration 
T1 doesn’t exceed 
2.5 TC or TD 
 
The buildings must 
be regular in 
elevation 
 
With elastic 
spectrum: for 
ductile mechanism 
ρmax/ρmin, the 
maximum and 
minimum of all 
ρi≥β, must be less 
than 2.5; for brittle 
mechanism ρi  
must be less than 1 
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Table 4- 2: Determination of fundamental period in LSP from the four codified assessment procedures 
LSP NZSEE 2006 ASCE 41-13 EN 1998-3:2005 NTC 2008 
Period 
Determination 
Method 1 - Analytical 
From the dynamic analysis of 
the mathematical model of the 
building 
Method 2 - Empirical 
The fundamental period shall be 
determined in accordance with: Tଵ = ͳ.ʹͷk୲h୬଴.଻ହ 
kt=0.075 for concrete frames 
   =0.11 for steel frames 
   =0.06 for eccentrically 
             braced steel frames 
   =0.05 for all other frames 
hn=height from the base of the 
structure to the uppermost seismic 
weight or mass 
Alternatively for structures with 
concrete shear walls: k୲ = Ͳ.Ͳ͹ͷ/√Aୡ Aୡ =  ∑[A୧ሺͲ.ʹ + ሺl୵୧/h୬ሻଶሻ] 
Ac=total effective area of the shear 
walls in the first storey 
Ai=effective cross-sectional area of 
shear wall in 1ststorey 
lwi=length of shear wall 
inthe1ststorey in the direction parallel 
to forces (lwi/hn< 0.9) 
If d is the lateral elastic 
displacement of the top of the 
building, in m, due to the 
gravity loads applied in the 
horizontal direction: Tଵ = ʹ √d 
Method 3 – Approximate 
For any building the Rayleigh-
Ritz method can be used: Tଵ = ʹɎ√∑ (W୧d୧ଶ)୬୧=ଵg ∑ ሺF୧d୧ሻ୬୧=ଵ  
di=horizontal displacement at level i, 
ignoring the effects of torsion 
Fi=displacing force at level i 
Wi=seismic weight at level i 
n=number of levels  
For one-storey buildings with 
single span flexible diaphragms: T = ሺ͵.ͻͶU୵ + ͵.Ͳ͹Uୢሻ଴.ହ 
Uw=wall displacement(in-plane) 
Ud=diaphragm displacement 
(Due to a lateral load in the direction 
under consideration) 
For one-storey buildings with 
multiple-span diaphragms the 
previous equation may be used 
as follows: a lateral load equal 
to the weight tributary to the 
diaphragm under consideration 
is applied to calculate a separate 
period for each diaphragm span. 
The period that maximizes the 
pseudo seismic force is used for 
design of all walls and 
diaphragm spans in the building 
For unreinforced masonry 
buildings with single span 
flexible diaphragms, six storeys 
or less in height: T =  ሺ͵.Ͳ͹ Uୢሻ଴.ହ 
Ud=maximum in-plane diaphragm 
displacement due to a lateral load in 
the direction under consideration 
Method 1 - Analytical 
Eigen value (dynamic) 
analysis of the mathematical 
model of the building shall 
be performed to determine 
the fundamental period of 
the building 
Method 2 - Empirical 
The fundamental period of a 
building, in direction under 
consideration, shall be 
calculated: T = C୲h୬ஒ 
Ct=0.0018 for RC frames 
   =0.035 for steel frames 
   =0.030 for eccentrically 
                braced steel frames 
   =0.020 for all other frames 
ȕ=0.λ0 for RC frames 
  =0.80 for steel frames 
  =0.75 for all other frames 
hn=height(ft)above base to roof  
Method 3-Approximate 
Rayleigh’s εethod or any 
other rational method to 
approximate the 
fundamental period. For the 
Rayleigh Method: T = ʹɎ√∑ (w୧Ɂ୧ଶ)୬୧=ଵg ∑ ሺF୧Ɂ୧ሻ୬୧=ଵ  
wi=portion of effective seismic 
weight located on or assigned to 
level i 
įi=displacement at floor i caused 
by lateral force Fi 
Fi=lateral force applied at level i 
n=total number of stories in the 
vertical seismic framing above 
base 
For one-story buildings with 
single-span flexible 
diaphragms: T = ሺͲ.ͳ∆୵ + Ͳ.Ͳ͹ͺ∆ୢሻ଴.ହ Δw=wall displacement(in-plane) 
Δd=diaphragm displacement 
(In inches due to a lateral force 
in the direction under 
consideration equal to the 
weight tributary to the 
diaphragms) 
For one-story buildings with 
multi-span flexible 
diaphragms: a lateral force 
equal to the weight tributary 
to the diaphragm span under 
consideration shall be 
applied to calculate a 
separate period for each 
diaphragm span. The period 
that maximizes the pseudo 
seismic force shall be used 
for analysis of all walls and 
diaphragm spans in the 
building 
For unreinforced masonry 
buildings with single-span 
flexible diaphragms six 
stories or fewer high T = ሺͲ.Ͳ͹ͺ ∆ୢሻ଴.ହ Δd=maximum in-plane 
diaphragm displacement in 
inches because of a lateral force 
in the direction under 
consideration equal to the 
weight tributary to diaphragm 
Expressions based on 
methods of structural 
dynamics (for 
example the Rayleigh 
method) 
Or: 
For buildings with 
heights of up to 40 
m :  Tଵ = C୲Hଷ/ସ 
Ct=0.085 steel frames 
 =0.075 RC frames& 
eccentrically braced 
steel frames  
   =0.050 other frames 
H=the height of the 
building from the 
foundation or from the 
top of a rigid basement  
Alternatively for 
structures with 
concrete or masonry 
shear walls: C୲ = Ͳ.Ͳ͹ͷ/√Aୡ Aୡ= ∑[A୧ሺͲ.ʹ+ ሺl୵୧ //Hሻଶሻ] 
Ac=total effective area 
of the shear walls in the 
first storey 
Ai=effective cross-
sectional area of shear 
wall in the direction 
considered in the 
1ststorey 
lwi=length of the shear 
wall in the first storey in 
the direction parallel to 
the applied forces (lwi/H 
< 0.9) 
If d is the lateral 
elastic displacement 
of the top of the 
building, in m, due to 
the gravity loads 
applied in the 
horizontal direction: Tଵ = ʹ √d 
For constructions 
that don’t exceed 
40 m of elevation 
and that have mass 
approximately 
uniformly 
distributed along 
the height: Tଵ =  CଵHଷ/ସ 
C1=0.085 steel 
frames 
    =0.075 RC frames 
=0.05 other frames 
H =the height of the 
building  
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Table 4- 3: Calculation of pseudo lateral load in LSP from the four codified assessment procedures 
LSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Pseudo 
Lateral 
Load 
The pseudo lateral load applied to the 
vertical elements of the lateral force 
resisting system is: V =  CଵCଶCଷC୫SୟW୲ 
C1=modification factor to relate 
expected maximum inelastic 
displacements to those calculated for 
linear elastic response  
C2=modification factor for pinched 
hysteresis shape, stiffness, 
degradation and strength deterioration 
on the maximum displacement 
response 
C3=modification factor for dynamic 
P-Δ effects  
Cm=effective mass factor to  
account for higher mode mass 
participation factor 
Sa=response spectrum acceleration at 
the fundamental period and damping 
ratio of the building in the direction 
under consideration  
Wt=effective seismic weight of the 
building 
The pseudo lateral force in a 
given horizontal direction of a 
building shall be determined 
using equation: V =  CଵCଶC୫SୟW 
C1=modification factor to relate 
expected maximum inelastic 
displacements to displacement 
calculated for linear elastic 
response 
C2=modification factor for 
pinched hysteresis shape, 
stiffness, degradation and 
strength deterioration on the 
maximum displacement response 
Cm=effective mass factor to  
account for higher mode mass 
participation factor 
Sa=response spectrum 
acceleration at the fundamental 
period and damping ratio of the 
building in the direction under 
consideration  
W=effective seismic weight of 
the building including the total 
dead load and applicable portions 
of other gravity loads 
The seismic based 
shear force for each 
horizontal direction is: Fୠ =  SୢሺTଵሻ m ɉ 
Sd(T1)=ordinate of the 
design spectrum at 
period T1 
m= total mass of the 
building, above 
foundation or above 
top of a rigid basement 
Ȝ=0.κ5 if T1  ≤ 2Tc, 
and the building has 
more than two storeys 
  =1 otherwise 
(correction factor) 
The seismic based 
shear force for 
each horizontal 
direction is: F୦ = SୢሺTଵሻWg  ɉ 
Sd(T1)=ordinate 
of the design 
spectrum at period 
T1 
W=total weight of 
building 
λ=0.85 ifT1<2Tc, 
and the building 
has at least three 
floors 
  =1 otherwise 
(correction factor) 
Vertical 
Distributio
n of 
Seismic 
Forces 
For all buildings except unreinforced 
masonry buildings, the lateral load at 
any floor level x is: F୶ = C୴୶V C୴୶ =  w୶h୶୩∑ w୨h୨୩୨  
k=β.0 for T ≥ β.5 s  
  =1.0 for T ≤ 0.5 s 
And linear interpolation for 
intermediate values of k 
wi=portion of the total building 
weight on floor level i 
hi=height from base to floor i 
 
For unreinforced masonry buildings 
with flexible diaphragms the pseudo 
lateral loads can be calculated and 
distributed as it is written in the 
Appendix 4E.8.3 
 F୮୶ = ∑ F୧୬୧=୶∑ w୧୬୧=ଵ w୶ 
For all buildings except 
unreinforced masonry buildings 
with flexible diaphragms and 
seismically isolated structures, 
the pseudo seismic force shall be 
distributed vertically as: F୶ = C୴୶V C୴୶ =  w୶h୶୩∑ w୨h୨୩୨  
k=1.0 for T ൑ Ͳ.ͷs 
  =2.0 for T > ʹ.ͷ� 
And linear interpolation for 
intermediate value of k 
wi=portion of the total building 
weight on floor level i 
hi = height from base to floor i 
 
For unreinforced masonry 
buildings with flexible 
diaphragms the pseudo lateral 
loads can be calculated and 
distributed as it is written in 
7.4.1.3.5 
The seismic action 
effects shall be 
determined by 
applying horizontal 
forces to all storeys: F୧ =  Fୠ s୧m୧∑ s୨m୨ 
where si and sj are the 
displacements of 
masses mi and mj in 
the fundamental mode 
shape 
 
If the fundamental 
mode shape is 
approximated by 
horizontal 
displacements 
increasing linearly 
along the height: F୧ =  Fୠ μ୧m୧∑ μ୨m୨ 
where zi, zj are the 
heights of the masses 
mi mj above the level 
of application of the 
seismic action  
The horizontal 
forces over the 
building height 
shall be 
determined by: F୧ =  F୦ μ୧W୧∑ μ୨W୨୨  
where zi and zj 
are the heights of 
the masses mi and 
mj above the level 
of application of 
the seismic action  
 
Table 4- 2 provides a summary of the procedures to determine structural fundamental period in LSP 
from the four codified assessment procedures, and the following conclusive comments can be drawn: 
 NZSEE 2006 and ASCE 41-13 provide the most detailed instructions regarding the 
determination of fundamental period. In both codified assessment procedures, analytical 
method (e.g. Rayleigh Method), empirical method and approximate Method are specified. 
The empirical method presented in NZSEE 2006 includes period determination for both 
frame and shear wall structures, while in ASCE 41-13, only the procedure for frame 
structures is defined. It has been found that the approximate method in NZSEE 2006 and 
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ASCE 41-13 are similar, but different values are specified for the parameters in calculation, 
mainly due to the use of different units (i.e. ft. or in. in ASCE while m in NZSEE). 
 EN 1998-3:2005 provides some guidelines regarding analytical method (e.g. Rayleigh 
Method) and empirical method which are found to be similar to those from NZSEE 2006, 
though different values are specified for the parameters in calculation. 
 NTC 2008 gives the least detailed information regarding period determination, with only 
empirical method for frame structures presented. 
Table 4- 3 provides a summary of the procedures to calculate pseudo lateral load and vertical 
distribution of seismic forces in LSP from the four codified assessment procedures. It can be 
concluded that these calculation processes are quite similar, except for the differences in the 
application of modification factors in calculating pseudo lateral load. It can be recognised that NZSEE 
2006 and ASCE 41-13 provide more comprehensive instructions with a number of modification 
factors applied in order to consider inelastic response, pinched hysteresis shapes, stiffness degradation, 
strength deterioration, dynamic P-Δ effects, higher mode effect, etc. It has been also found that the 
calculation of vertical seismic force distribution for masonry buildings is provided by NZSEE 2006 
and ASCE 41-13. 
The summary table (Table 4- 4) gives concise conclusions of the similarities and differences found in 
LSP from the four codified assessment procedures. 
Table 4- 4: Summary of similarities and differences in LSP from the four codified assessment procedures 
Linear Static Analysis NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability or Limitations Similar (building regularity, ratio demand/capacity) 
Period Determination 
More detailed evaluation (Analytical 
Method, Empirical Method and 
Approximate Method) 
Intermediate evaluation 
(Analytical Method and 
Empirical Method) 
Basic evaluation 
(Empirical 
Method) 
Pseudo Lateral Load Similar but  differences in the application of modification factors 
Vertical Distribution of 
Seismic Forces Similar but slight differences in the coefficients 
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In ASCE 41-13, it is found that the LSP applied in Tier 1 is slightly different from that in the higher 
tiers, with simplified assumptions and calculation process, as shown in Table 4- 5. 
Table 4- 5: Comparison between the simplified LSP in Tier 1 and normal LSP in Tier 2 and Tier 3 
Simplified LSP in ASCE 41-13 Tier 1 LSP in ASCE 41-13 Tier 2 and Tier 3 V = CSୟW, alternatively, V = Ͳ.͹ͷW Sୟ = Sଡ଼ଵT ൑ Sଡ଼ୗ T = C୲h୬ஒ, alternatively, T = Ͳ.ͳͲn Sଡ଼ଵ = F୴Sଵ, and Sଡ଼ୗ = FୟSୗ 
V = CଵCଶC୫SୟW Cଵ = ͳ + Ɋୱ୲୰ୣ୬୥୲୦ − ͳaTଶ  ሺfor T > ͳ.Ͳ�, Cଵ = ͳ.Ͳሻ Cଶ = ͳ + ͳͺͲͲ (Ɋୱ୲୰ୣ୬୥୲୦ − ͳT )ଶ ሺfor T > Ͳ.͹�, Cଶ = ͳ.Ͳሻ  Sୟ = Sଡ଼ଵT ൑ Sଡ଼ୗ, ሺSଡ଼ଵ = F୴Sଵ and Sଡ଼ୗ = FୟSୗሻ Ɋୱ୲୰ୣ୬୥୲୦ = Sୟ୚౯୛ C୫ሺSame in Tier ͵ሻ Ɋୱ୲୰ୣ୬୥୲୦ = DCR୫ୟ୶ͳ.ͷ , C୫ ൒ ͳ.Ͳ DCR̅̅ ̅̅ ̅̅ = ∑ DCR୧V୧୬ଵ∑ V୧୬ଵ , DCR = Q୙ୈQେ୉  
 C = Modification factor to relate expected maximum 
inelastic displacements to displacement calculated 
for linear elastic response (ASCE 41-13:Table 4-8) Sୟ = Response spectral acceleration at the fundamental 
period of the building in the direction under 
consideration W = Effective seismic weight of the building, including 
the total dead load and applicable portions of other 
gravity loads  (Details of determining W: ASCE 
41-13: 4.5.2.1, 1-4) T = Fundamental period (s) in the direction under 
consideration C୲ = 0.0018 for moment-resisting frames of 
reinforcement concrete 
0.035 for moment-resisting frame systems of steel 
0.030 for eccentrically braced steel frames 
0.020 for all other framing systems h୬ = Height (ft) above the base to the roof level β = 0.90 for moment-resisting frame systems of 
reinforced concrete 
0.80 for moment-resisting frame systems of steel 
0.75 for all other framing systems n = Number of stories above the base Sଡ଼ଵ = Design spectral response acceleration parameter at 
1s Sଡ଼ୗ = Design short-period spectral response acceleration 
parameter Fୟ, F୴ = Site coefficients (ASCE 41-13:Table 2-4) Sୗ, Sଵ = Response acceleration parameters (ASCE 7: 22) 
 
 
 Cଵ = Modification factor to relate expected maximum 
inelastic displacements to displacement calculated for 
linear elastic response. Cଶ = Modification factor to represent the effect of pinched 
hysteresis shape, cyclic stiffness degradation, and 
strength deterioration on maximum displacement 
response, for buildings with systems that do not exhibit 
degradation of stiffness and/or strength, C2=1.0 C୫ = Effective mass factor to account for higher modal mass 
participation effects (ASCE41-13: Table 7-4) (Was 
developed to reduce the conservatism of the LSP for 
buildings where higher mode mass participation 
reduces seismic forces up to 20%) a = Site class factor 
130 site Class A or B 
90 site Class C 
60 site Class D, E, or F (U.S) Ɋୱ୲୰ୣ୬୥୲୦= Ratio of elastic strength demand to yield strength 
coefficient (with elastic base shear capacity substituted 
for shear yield strength, Vy) V୷ = Yield strength of the building in the direction under 
consideration calculated using results of the NSP for 
the idealized nonlinear force-displacement curve 
developed for the building DCR୫ୟ୶= Where the largest DCR (Demand-Capacity Ratio) is 
computed for any primary component of a building in 
the direction of response under consideration, taking 
C1=C2=Cm=1.0 DCR̅̅ ̅̅ ̅̅  = Average DCR for elements in the story DCR୧ = Critical action DCR for element i of the story V୧ = Total calculated lateral shear force in an element i 
caused by earthquake response, assuming that the 
structure remains elastic Q୙ୈ = Force caused by gravity loads and earthquake forces 
calculated Qେ୉ = Expected strength of the component or element 
 
No specific procedures to decide horizontal distribution of 
seismic forces, nor for distribution of seismic forces for 
unreinforced masonry buildings with flexible diaphragms. 
Horizontal distribution of seismic forces: the seismic forces 
at each floor level of the building shall be distributed 
according to the distribution of mass at that floor level. 
Distribution of seismic forces for unreinforced masonry 
buildings with flexible diaphragms: F୮୶ = ∑ F୧୬୧=୶∑ w୧୬୧=ଵ w୶ F୮୶ = Diaphragm inertial force at level x F୧ = Lateral inertial force applied at level i (determined 
as ASCE 41-13: Equation 7-24, SAME in Tier 1) w୧ = Portion of the effective seismic weight W located 
on or assigned to floor level i w୶ = Portion of the effective seismic weight W located 
on or assigned to floor level x 
 
Thesis Page 105 
 
The characteristics of the simplified LSP in Tier 1 can be summarised as following:  
 For short and stiff buildings with low ductility located in the places of High Seismicity, the 
required building strength may exceed the force required to cause sliding at the foundation 
level. The strength of the structure, however, does not need to exceed the sliding resistance at 
the foundation–soil interface. It is assumed that this sliding resistance is equal to 0.75W; thus, 
the required strength of structural components need not exceed 0.75W. 
 For steel or reinforced-concrete moment frames of 12 stories or fewer, the alternative 
relationship (as shown in Table 4- 2) to approximate the fundamental period is applicable. 
The values of Ct are intended to be reasonable lower bound but not mean values for structures, 
including the contribution of nonstructural elements. The value of T should be as close as 
possible to, but less than, the true period of the structure.  
 The analysis performed is only limited to quick checks in Tier 1. Quick checks shall be used 
to calculate the stiffness and strength of certain building components and to determine 
whether the building compiles with certain evaluation criteria or not. Table 4- 8 gives a 
summary of the quick calculation of story drifts of frames, shear stresses in columns and 
shear walls, and axial stresses caused by overturning in columns. More details associated with 
investigation on diagonal bracing, precast connections, flexible diaphragm connections, etc. 
can be found in Chapter 4 and Chapter 16 of ASCE 41-13. 
The following aspects of LSP in Tier 2 and 3 are addressed, which are not specified in the simplified 
LSP. 
 As shown in T able 4- 5, DCR shall be calculated for each action, such as axial force, moment, 
or shear, for each primary component. If a component DCR exceeds the less value of 3.0 and 
the m-factor for the component action, the linear procedures (LSP and LDP) are not 
applicable. 
 As an alternative to the iterative process of calculating DCR, a simplified way to select 
appropriate C1 and C2 values is suggested. As shown in Table 4- 6, the values should be 
selected based on fundamental period of the structure and the expected ductility demand 
based on the maximum m-factor that is permitted for all the primary seismic force resisting 
system elements. Similarly, Table 4- 7 gives a selection of Cm value. 
Table 4- 6: Alternative values for modification factors C1 and C2 (ASCE 41-13 Table 7-3) 
 
Table 4- 7: Values for effective mass factor Cm (ASCE 41-13 Table 7-4) 
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 The calculated internal forces typically exceed those that the building can develop due to 
anticipated inelastic response of components. These forces are evaluated through the 
acceptance criteria in which modification factors are included, or can be evaluated by 
applying alternative analysis approaches, to account for the anticipated inelastic response. 
Table 4- 8: Examples of quick checks in ASCE 41-13 Tier 1 evaluation 
Examples Calculation procedures 
Story drifts for moment-
resisting frames (assume 
that all the columns in 
the frame have similar 
stiffness) 
D୰ = ሺkୠ + kୡkୠkୡ ሻሺ hͳʹEሻ Vୡ D୰ = Drift ratio, inter-story displacement divided by story height kୠ = I/L for the representative beam kୡ = I/L for the representative column h = Story height (in.) I = Moment of inertia (in.4) (effective cracked section moment of inertia 
equal to ½ of gross value) L = Beam length from centre-to-centre of adjacent columns (in.) E = Modulus of elasticity (kip/in.2) Vୡ = Shear in the column (kip), calculated using story shear forces 
(For the 1st floor of the frame, the above equation is applicable if columns are fixed 
against rotation at the bottom. However, if columns are pinned at the bottom, the 
drift ratio shall be multiplied by 2.) 
Shear stresses in 
concrete frame columns 
(assume that an end 
column carries half of 
the load of a typical 
interior column) 
v୨ୟ୴୥ = ͳMୱ ሺ nୡnୡ − n୤ሻሺ V୨Aୡሻ  v୨ୟ୴୥ = Average shear stress in columns nୡ = Total number of columns n୤ = Total number of frames in the direction of loading Aୡ = Summation of the cross-sectional area of all columns in the 
story under consideration V୨ = Story shear computed in previous calculation Mୱ = System modification factor 
2.0 for buildings being evaluated to LS (Life Safety 
Performance Level) 
1.3 for building being evaluated to IO (Immediate Occupancy 
Performance Level) 
(This equation is not theoretically correct for a one-bay frame and yields shear forces 
that are twice the correct force; however, because of the lack of redundancy in one-
bay frame, this level of conservatism is considered appropriate.) 
Shear stresses in shear 
walls 
v୨ୟ୴୥ = ͳMୱ ሺ V୨A୵ሻ  v୨ୟ୴୥ = Average shear stress in shear walls A୵ = Summation of horizontal cross-sectional area of all shear walls 
in the direction of loading (openings shall be taken into 
consideration where computing Aw) 
For masonry walls, the net area shall be used.  
For wood-framed walls, the length shall be used rather than the 
area. V୨ = Story shear computed in previous calculation Mୱ = System modification factor (ASCE41-13: Table 4-9) 
2.0 for buildings being evaluated to LS (Life Safety 
Performance Level) 
1.3 for building being evaluated to IO (Immediate Occupancy 
Performance Level) 
 
Column axial stresses 
caused by overturning in 
columns (assume a 
triangular force 
distribution with the 
resultant applied at 2/3 
the height of the 
building) 
β୭୲ = ͳMୱ ሺʹ͵ሻሺVh୬Ln୤ ሻሺ ͳAୡ୭୪ሻ v୨ୟ୴୥ = Axial stress of columns in moment frames at the base subjected 
to overturning forces n୤ = Total number of frames in the direction of loading Aୡ୭୪ = Area of the end column of the frame V = Pseudo seismic force Mୱ = System modification factor 
2.0 for buildings being evaluated to LS (Life Safety 
Performance Level) 
1.3 for building being evaluated to IO (Immediate Occupancy 
Performance Level) L = Total length of the frame (ft) h୬ = Height (ft) above the base to the roof level 
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4.3. LDP (Linear Dynamic Procedure) 
In Table 4- 9, specifications concerning the aspects of applicability of LDP, number of modes 
required in analysis, combination rules, damping, from the four codified assessment procedures, are 
presented.  
As shown in Table 4- 9, the applicability of LDP is similar to that of LSP, as mentioned in Section 4.2. 
 All the four codified assessment procedures require that the analysis is not applicable for the 
buildings that tend to have nonlinear responses. The limitations in terms of ductility (i.e. ȝ 
from NZSEE 2006), demand/capacity ratio (i.e. DCR from ASCE 41-1γ), ρmax/ρmin ratio (from 
EN 1998-3: 2005 and NTC 2008) are similar to those specified in LSP. 
 NZSEE 2006 and ASCE 41-13 require that the analysis is applicable for the buildings with no 
significant irregularity (i.e. in-plane or out-of-plane discontinuity, weak storey irregularity, 
torsional strength irregularity), while there is no specific limitation defined in EN 1998-3: 
2005 and NTC 2008 regarding the issue of irregularity. 
The similarities and differences found in the requirements of the number of modes in LDP from the 
four assessment procedures are summarised as following: 
 NZSEE 2006, ASCE 41-13 and EN 1998-3: 2005 require that the number of modes should 
capture at least 90% of the total building mass for each of directions under consideration, 
while NTC 2008 requires at least 85% of the total mass. In EN 1998-3: 2005, if the 
requirement is not satisfied, the minimum number of the modes in a spatial analysis can be 
calculated by k ≥ γ √n, T୩  ≤ 0.β s, while in the other procedures, no such additional 
requirement of number of modes for spatial analysis is specified. 
 NZSEE 2006 defines the requirements of number of modes for both two-dimensional analysis 
and three-dimensional analysis, and the requirements are found to be quite similar. 
The combination rules applied in LDP from the four assessment procedures are quite similar, and 
details are shown in Table 4- 9. Generally, a damping ratio of 5% is recommended to use, but more 
comprehensive guidelines regarding choosing a proper damping ratio in the analysis are provided in 
ASCE 41-13. 
It is worth noting that if force-based linear analyses are used, the evaluation of force reduction factor 
(q) is a very difficult task. The EN 1998-3:2005gives a conservative assumption that q is equal to 1.5 
irrespective of the structural properties, while NTC 2008 suggests that the value of q should be within 
the range from 1.5 to 3 without explicit choices of exact values. 
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Table 4- 9: Comparison of LDP from the four codified assessment procedures 
LDP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability 
or 
Limitations 
Either: Elastic responding under 
design level earthquake 
Or: Expected low ductility 
demand /capacity (ȝ<β) under 
design level earthquake where: 
No in plan or out of plan 
discontinuities present in primary 
lateral force resisting system 
No significant weak storey 
irregularity present  
No significant torsional strength 
irregularity present in any storey 
Not applicable if irregularity is defined: in-
plane/out-of-plane discontinuity 
irregularity, weak storey irregularity, 
torsional strength irregularity. 
Not applicable if a component DCR 
exceeds the lesser of 3.0 and the m-factor 
for the component action. 
Buildings which do not satisfy 
the conditions for applying the 
lateral force method of analysis 
For the ductile mechanism: the 
ratio ρmax/ρmin between the 
maximum and minimum values 
of ρi(ρi>1) does not exceed a 
maximum acceptable value in 
the range of 2 to 3. 
If elastic 
spectrum: for 
ductile 
mechanism 
ρmax/ρmin, the 
maximum and 
minimum of all 
ρi ≥ β, must be 
less than 2.5; for 
brittle 
mechanism ρi  
must be less than 
1 
Number of 
Modes 
Two-dimensional analyses 
A number of modes that ensure 
that at least 90% of total mass of 
the structure is participating in 
the direction under consideration. 
Generally, for vertically and 
horizontally regular buildings 
translational modes to be 
considered should be half of the 
number of storeys but not less 
than 3 
Three-dimensional analyses 
A number of modes that ensure 
that at least 90% of the total mass 
of the structure is participating in 
each of the two orthogonal 
directions. In structures modelled 
so that modes are considered that 
are not those of the horizontal 
load resisting systems, all modes 
not part of the horizontal load 
resisting systems shall be 
ignored. 
Dynamic analysis using the response 
spectrum method shall calculate peak 
modal responses for sufficient modes to 
capture at least 90% of the participating 
mass of the building in each of two 
orthogonal principal horizontal directions 
of the building 
The sum of the effective modal 
masses for the modes taken 
into account amounts to at least 
90% of the total mass of the 
structure and all modes with 
effective modal masses greater 
than 5% of the total mass are 
taken into account.  
 
If the requirements specified 
cannot be satisfied the 
minimum number k of modes 
to be taken into account in a 
spatial analysis should satisfy 
both the two conditions: k ൒ ͵√n T୩  ൑ Ͳ.ʹ s 
k=number of modes considered 
n= number of storeys above 
foundation or top of a rigid 
basement 
Tk=vibration period of mode k 
Each mode with 
participation 
mass exceeding 
the 5 % and a 
number of modes 
with total 
participation 
mass exceeding 
the 85% 
 
Combination 
of Modal 
Action 
Effects 
Two-dimensional analyses 
Either the square root of the sum 
of the squares (SRSS) or the 
complete quadratic combination 
(CQC) technique or any other 
accepted combination method 
Three-dimensional analyses 
The complete quadratic 
combination (CQC) technique or 
any other accepted combination  
Closely spaced modes 
If the SRSS is used, the modal 
action effects from any modes 
with frequencies within 15% shall 
first be combined by direct 
summation ignoring any signs 
Peak member forces, displacements, storey 
forces, storey shears, and base reactions for 
each mode of response shall be combined 
by either the Square Root Sum of Squares 
(SRSS) rule or the Complete Quadratic 
Combination (CQC) rule 
The response in two vibration 
modes (including both 
translational and torsional 
modes) i and j may be taken as 
independent of each other if: T୨ ൑ Ͳ.ͻT୧ 
If all relevant modal responses 
may be regarded as 
independent of each other, we 
can use a Square Root of Sum 
of Squares combination 
(SRSS) 
If it is not satisfied we can use 
a Complete Quadratic 
Combination (CQC) 
Complete 
Quadratic 
Combination(CQ
C) 
If the difference 
between the 
period of 
vibration of each 
mode and the 
others is at least 
10 % the Square 
Root of Sum of 
Squares (SRSS) 
can be used 
 
Damping 
Apart from special cases a 
damping ratio of 5% is to be used 
5% damped response spectra  shall be used 
for the analysis of all buildings except 
those meeting the following criteria: 
For buildings without exterior cladding, an 
effective viscous damping ratio, ȕ, equal to 
β% of critical damping (ȕ = 0.0β) shall be 
assumed; 
For buildings with wood diaphragms and 
cross walls that interconnect the diaphragm 
levels at a maximum spacing of 40 ft on 
centre transverse to the direction of 
motion, an effective viscous damping ratio, 
ȕ, equal to 10% of critical damping (ȕ = 
0.10) shall be permitted; 
For buildings using seismic isolation 
technology or enhanced energy dissipation 
technology, an equivalent effective viscous 
damping ratio, ȕ, shall be calculated using 
the procedures specified in Chapter 14; or 
There is sufficient analysis or test data 
based on the specific characteristics of the 
building to substantiate the use of a 
damping ratio other than 5% (ȕ = 0.05) 
Apart from special cases a 
damping ratio of 5% is to be 
used 
Apart from 
particular cases 
as constructions 
with base 
isolation system 
or dissipative 
system, we can 
assume that the 
modes of 
vibration have 
the same value of 
conventional 
damping which 
is 5% 
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Table 4- 10 gives a brief summary of the similarities and differences found in LDP from the four 
procedures. 
Table 4- 10: Summary of similarities and differences in LDP from the four codified assessment procedures 
Linear Dynamic Procedure NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability or Limitations Similar (demand/capacity ratio, irregularity) 
Number of Modes Basic (total participating mass) 
More details in 
calculation of number 
of modes in spatial 
analysis 
Basic 
(total participating 
mass + effective 
modal mass) 
Combination of Modal 
Action Effects Similar (SRSS, CQC) 
Damping Basic 
More details in 
determination of 
damping ratio 
Basic Basic 
4.4. NSP (Nonlinear Static Procedure) 
In Table 4- 11 to Table 4- 16, specifications concerning the aspects of applicability of NSP, 
determination of control node, capacity curve, period, damping ratio, lateral load, and target 
displacement, from the four codified assessment procedures, are presented. 
Table 4- 11: Applicability or limitation of NSPfrom the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability 
or 
Limitations 
Higher mode effects not 
critical (it is difficult to 
incorporate higher mode 
effect so in most cases it is 
still essentially a single mode 
approach and collapse 
mechanisms associated with 
higher modes may be missed) 
 
A difficulty with the lateral 
pushover analysis is that a 
static representation of the 
distribution of the seismic 
forces acting on the frame is 
required. (Details in 
Determination of Lateral 
Load table) 
 
Most LPA (Lateral Pushover 
Analysis) programs cannot 
deal with negative structural 
stiffness, so it can be difficult 
to determine structural 
displacement capacity. 
Not applicable when 
higher mode effects are 
significant. However, if 
higher modes effects are 
significant NSP shall be 
acceptable in conjunction 
with the LDP if the mass 
participation in the first 
mode is low and the 
building must meet the 
acceptance criteria for both 
analysis procedures, except 
that an increase by a factor 
of 1.33 shall be permitted 
in the LDP acceptance 
criteria for deformation-
controlled action (m-
factors) 
 
Not applicable if the 
strength ratio ȝstrength 
calculated exceeds ȝmax 
Pushover analysis performed 
with the force patterns may 
significantly underestimate 
deformations at the 
stiff/strong side of a torsional 
flexible structure. The same 
applies for the stiff/strong 
side deformations in one 
direction of a structure with a 
predominately torsional 
second mode of vibration. 
 
For such structures, 
displacements at 
the stiff/strong side shall 
increase compared to those in 
the corresponding torsional 
balanced structure 
Buildings with a 
behaviour under 
earthquake governed by 
a principal mode of 
vibration with a 
significant participation 
mass  
 
This method can be used 
if conditions of 
distributions belonged to 
Group 1 are satisfied. 
The analysis may 
underestimate 
significantly 
deformations on the 
sides more rigid and 
resistant of torsional 
flexible structures  
 
As shown in Table 4- 11, applicability or limitations of NSP specified in the four codified assessment 
procedures are found to be similar, and conclusive comments are made as follows. 
 It is required in all the four assessment procedures that NSP is applicable when higher mode 
effects are insignificant. In addition, ASCE 41-13 suggests that if the higher mode effects 
cannot be ignored, the analysis can be carried out in conjunction with LDP, with some 
additional requirements show in Table 4- 11. 
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 NZSEE 2006, EN 1998-3:2005 and NTC 2008 address difficulties and potential issues 
associated with the application of static force distribution in the analysis. The application of 
inappropriate load pattern may lead to an underestimation of deformation. More details 
regarding this issue are discussed in the following paragraphs. 
 It is stated in NZSEE 2006 that negative structural stiffness (i.e. degradation of strength) may 
not be properly considered and modelled in the analysis; hence, this issue may leads to 
erroneous estimation of lateral force and displacement capacities. 
 As discussed in Section 3.3.4, ASCE 41-13 adopts component force-deformation curves (i.e. 
component models) together with comprehensive specifications of modelling parameters and 
numerical acceptance criteria. Computer analysis tools with the component models implanted 
may be used if available. 
It can be found that the definitions of control node displacement specified in the four codified 
assessment procedures are similar – at the centre of the mass at the building roof (or floor of the 
penthouse if it exists), as shown in Table 4- 12. 
Table 4- 12: Control node displacement defined in NSP from the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Control Node 
Displacement 
The control node should 
be located at the centre 
of the mass at the roof of  
a building 
 
For buildings with a 
penthouse, the floor of 
the penthouse should be 
regarded as the level of 
the control node 
The control node shall be 
located at the centre of 
mass at the roof of a 
building. For buildings 
with a penthouse, the 
floor of the penthouse 
should be regarded as the 
level of the control node 
The control node should 
be located at the centre 
of the mass at the roof of  
a building 
 
The top of a penthouse 
should not be considered 
as the roof 
The control node should 
be located at the centre 
of the mass of the last 
level of a building 
 
In Table 4- 13, the critical procedures to determine capacity curve in NSP from the four codified 
assessment procedures are presented, and the differences found are addressed as following: 
 Apart from NTC 2008, in the other three assessment procedures, it is required that the 
capacity curve should be established for the control node displacement ranging from 0 to 150% 
of the target displacement. 
 EN 1998-3: 2005 and NTC 2008 assume an idealised elasto-perfectly plastic force-
displacement relationship as capacity curve of an equivalent SDOF. NZSEE 2006 suggests a 
bilinear relationship with initial stiffness Ke and post-yield stiffness α. ASCE 41-13, however, 
suggests a three-segment-relationship with initial stiffness Ke, positive post-yield stiffness 
α1Ke and negative post-yield stiffness α2Ke. 
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Table 4- 13: Determination of capacity curve in NSP from the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Capacity 
Curve 
The capacity curve of the control 
node should be established for 
control node displacements 
ranging between zero and 150% 
of the target displacement. 
 
The nonlinear force-displacement 
relationship between the base 
shear and the displacement of the 
control node shall be 
replaced with an idealised 
relationship to calculate the 
effective lateral stiffness, Ke, and 
effective yield 
strength, Vy , of the building  
 
This relationship shall be 
bilinear, with initial slope Ke 
and post-yield slope α. Line 
segments on the idealised force-
displacement curve shall be 
located using an iterative 
graphical procedure that 
approximately balance the area 
above and below the curve. The 
effective lateral stiffness, Ke , 
shall be taken as the 
secant stiffness calculated at a 
base shear force equal to 
60% of the effective yield 
strength of the structure. The 
post-yield slope, α, shall be 
determined by a line segment that 
passes through the actual curve at 
the calculated target 
displacement. 
 
The effective yield strength shall 
not be taken as greater than the 
maximum base shear force at any 
point along the actual curve. 
The relation between base 
shear force and lateral 
displacement of the control 
node shall be established for 
control node displacements 
ranging between 0 and 150% 
of the target displacement įt. 
 
The nonlinear force-
displacement relationship 
between base shear and 
displacement of the control 
node shall be replaced with an 
idealised relationship to 
calculate the effective lateral 
stiffness, Ke, and effective 
yield strength, Vy 
 
The first Line segment of the 
idealized force-displacement 
curve goes from (0, 0) with a 
slope Ke, where Ke shall be 
taken as the secant stiffness 
calculated at a base shear force 
equal to0.6Vy. The effective 
yield strength Vy shall not be 
taken as greater than the 
maximum base shear force at 
any point along the force-
displacement curve 
 
The Line segment 2: with 
positive post-yield slope α1Ke, 
determined by (Vd, Δd) and the 
intersection point with line 
segment 1, so that the areas 
above and below the actual 
curve are approximately 
balanced 
 
The Line segment 3: with 
negative post-yield slope α2Ke, 
determined by (Vd, Δd) and the 
point at which the base shear 
degrades to 0.6Vy 
The capacity curve 
should be determined 
by pushover analysis 
for values of the 
control displacement 
ranging between zero 
and the value 
corresponding to 
150% of the target 
displacement  
 
We can determine the 
idealized elasto-
perfectly plastic 
force-displacement 
relationship as 
follows: the yield 
force Fy*, which 
represents also the 
ultimate strength of 
the idealized system, is 
equal to the base shear 
force at the formation 
of the plastic 
mechanism. The 
initial stiffness of the 
idealized system is 
determined in such a 
way that the areas 
under the actual and 
the idealized force 
deformation curves are 
equal. Based on this 
assumption we can 
define  the yield 
displacement of the 
idealized SDOF 
system dy* 
An equivalent structural 
system of SDOF must 
be associated with the 
structure. 
 
The capacity curve of 
the equivalent system 
may be replaced by a 
bilinear curve with a 
first elastic line 
segment and a second 
perfectly plastic line 
segment. If Fbu* is the 
maximum resistance of 
the equivalent system, 
the first line is obtained 
requiring the passage 
for the point  
0.6Fbu* of the capacity 
curve of the equivalent 
system.  
The yield force Fy* is 
identified by imposing 
the equality of the areas 
under the bilinear curve 
and the capacity curve 
for the maximum 
displacement du* 
corresponding to a 
reduction of resistance  
≤ 0,15Fbu* 
Table 4- 14: Determination of period and damping ratio in NSP from the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Period 
Determination 
The effective fundamental 
period in the direction under 
consideration shall be based 
on the idealised force-
displacement curve defined: Tୣ = T୧√K୧Kୣ 
Ti = Elastic fundamental 
period (in seconds) in the 
direction under consideration 
calculated by elastic dynamic 
analysis 
Ki = Elastic lateral stiffness 
of the building in the 
direction under consideration  
Ke = Effective lateral 
stiffness of the building in 
the direction under 
consideration 
Based on the idealised force-
displacement curve, the 
effective fundamental period: Tୣ = T୧√K୧Kୣ 
Ti = Elastic fundamental 
period (in seconds) in the 
direction under consideration 
calculated by elastic dynamic 
analysis 
Ki = Elastic lateral stiffness 
of the building in the 
direction under consideration 
(ASCE 41-13 Chapter 8 – 12 
and 14) 
Ke = Effective lateral 
stiffness of the building in 
the direction under 
consideration 
The period T*of the 
idealised equivalent 
SDOF system is 
determined by: T∗ = ʹɎ√m∗d୷∗F୷∗  
The elastic period T*of 
the bilinear system is 
determined by: T∗ = ʹɎ√m∗k∗  
where k* is the stiffness 
of the elastic segment 
Damping Same as those in linear analyses 
Same as those in linear 
analyses 
Same as those in linear 
analyses 
Same as those in linear 
analyses 
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In Table 4- 14, specifications regarding the determination of period and damping ratio in NSP from 
the four codified assessment procedures are shown. In NZSEE 2006 and ASCE 41-13, effective 
period is determined based on idealised force-displacement curve, and is calculated from elastic 
fundamental period and elastic lateral stiffness. While in EN 1998-3: 2005 and NTC 2008, the period 
of an equivalent system is determined from its mass and elastic stiffness. It is also worth noting that 
the requirements of damping ratio applied in NSP are same with those specified in the linear analyses 
(see Section 4.2 and 4.3).  
In Table 4- 15, specifications regarding the determination of lateral load in NSP from the four 
codified assessment procedures are shown. It is recommended in NZSEE 2006, EN 1998-3: 2005 and 
NTC 2008 that at least two distributions of lateral forces should be applied in NSP, at least one from 
“modal”–pattern group and at least one from “uniform”–pattern group. However, ASCE 41-13 
suggests that only a single pattern based on the first mode shape should be applied, explaining that the 
application of multiple force patterns may not make any difference to improve the accuracy of the 
analysis results. This leads to a major confliction between ASCE 41-13 and the others, and definitely 
requires future investigation. The two groups of load patterns specified in NZSEE 2006 are shown 
following Table 4- 15. 
Table 4- 15: Determination of lateral load in NSP from the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Lateral 
Load 
The lateral load should be applied in 
both the positive and negative 
directions and the maximum seismic 
effects should be used for design. 
 
Allows choice of the shape of lateral 
force vector (most choose inverted 
triangle but a structure with soft-story 
sway mechanism should have a force 
vector essentially uniform with height) 
(Conventionally an inverted triangular 
distribution of lateral seismic forces up to 
the height of the frame could be assumed, 
but this distribution takes no account of 
higher mode effects.  A sensitive analysis 
may need to be conducted assessing the 
differences in lateral force capacity V of the 
frame arising from different distributions of 
seismic load, e.g. uniform up the height 
(which will be of particular interest for taller 
structures when higher modes will become 
important) 
 
At least two vertical distribution of 
lateral load should be applied. One 
pattern shall be selected from each of 
the two groups described in the 
Appendix 4E.11.3 
 
Lateral load distribution from modal 
analysis (LDP) can be applied to 
provide some allowance for higher 
modes but will only be completely 
valid while the structure remains 
predominantly in the elastic range. 
The seismic forces shall 
be applied in both the 
positive and negative 
directions and the 
maximum seismic 
effects should be used 
for the analysis. 
 
Lateral loads shall be 
applied to the 
mathematical model in 
proportion to the 
distribution of mass in 
the plane of each floor 
diaphragm. The vertical 
distribution of these 
forces shall be 
proportional to the shape 
of the fundamental mode 
in the direction under 
consideration.  
(The actual distribution 
is expected to vary 
continuously during 
earthquake response as 
portions of the structure 
yield and stiffness 
change. Research in  
 
FEMA 440 suggests that 
multiple force patterns 
do little to improve the 
accuracy of nonlinear 
static procedures and that 
a single pattern based on 
the first mode shape is 
recommended.) 
The seismic action shall 
be applied in both positive 
and negative directions 
and the maximum seismic 
effects as a result of this 
shall be used. 
 
At least two vertical 
distributions of the lateral 
loads should be applied: 
- a "uniform" pattern, 
based on lateral forces that 
are proportional to mass 
regardless of elevation 
(uniform response 
acceleration) 
- a "modal" pattern, 
proportional to lateral 
forces consistent with the 
lateral force distribution in 
the direction under 
consideration determined 
in elastic analysis 
 
The plastic mechanism 
shall be determined for the 
two lateral load 
distributions applied. The 
plastic mechanisms shall 
conform to the 
mechanisms on which the 
behaviour factor q used in 
the design is based.  
The lateral load should 
be applied in both the 
positive and negative 
directions and the 
maximum seismic 
effects should be used 
for design. 
 
At least two 
distributions of inertia 
forces must be 
considered, one pattern 
selected from the 
principal direction 
(Group 1) and one 
pattern selected from 
the secondary 
distribution (Group 2) 
(7.3.4.1) 
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A modal pattern selected from one of the following: 
 A vertical distribution proportional to the values of Cvx (i.e. vertical distribution of seismic 
forces)– this distribution should be used only when more than 75% of the total mass 
participates in the fundamental mode in the direction under consideration, and should ne used 
together with the uniform distribution. 
 A vertical distribution proportional to the shape of the fundamental mode in the direction 
under consideration–this distribution should be used only when more than 75% of the total 
mass participates in this mode. 
 A vertical distribution proportional to story shear distribution– this distribution should be 
used only when the period of the fundamental mode exceeds 1.0s. The story shear distribution 
should be calculated by combining modal responses from a response spectrum analysis of the 
building, including sufficient modes to capture at least 90% of the total building mass, and 
using the appropriate ground motion spectrum. 
A second pattern selected from one of the following: 
 A uniform distribution with lateral forces at each level proportional to the total mass at each 
level 
 An adaptive load distribution that varies as the structure is displaced.  
Procedures for developing adaptive load patterns include the use of story forces proportional 
to the deflected shape of the structure (Fajfar and Fischinger), the use of load patterns based 
on mode shapes derived from secant stiffness at each load step (Everhard and Sozen), and the 
use of load patterns proportional to the story shear resistance at each step (Bracciet al.). Use 
of an adaptive load pattern will require more analysis effort, but may yield results that are 
more consistent with the characteristics of the building under consideration. 
As stated in NZSEE 2006, the distribution of lateral inertial forces determines relative magnitudes of 
shears, moments, and deformations within the structure, and will vary continuously during earthquake 
response as portions of the structure yield and stiffness characteristics change. The extremes of this 
distribution will depend on the severity of the earthquake shaking and the degree of nonlinear 
response of the structure.  
One of the main reasons to use more than one lateral load pattern in NSP is that the application of 
multiple load distributions can help to bound the range of design actions that may occur during actual 
dynamic response.  
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Table 4- 16: Determination of target displacement in NSP from the four codified assessment procedures 
NSP NZSEE 2006 ASCE 41-13 EN 1998-3 : 2005 NTC 2008 
Target 
Displacement 
The target displacement 
is at each floor level can 
be calculated in 
accordance with: Ɂ୲ = C଴CଵCଶCଷSୟ TଶୣͶɎଶ g 
C0 = Modification factor 
to relate spectral 
displacement of an 
equivalent single-degree-
of-freedom (SDOF) 
system to the roof 
displacement of the  
building multi-degree-of-
freedom (MDOF) system 
calculated using one of 
the following 
procedures:  
The first modal 
participation factor at the 
level of the control node; 
the modal participation 
factor at the level of the 
control node calculated 
using a shape vector 
corresponding to the 
deflected shape of the 
building at the target 
displacement. This 
procedure shall be used 
if the adaptive load 
pattern is used; or the 
appropriate value from 
Table 3-2 of FEMA 356 
- 2000 
(Other parameters seen 
in LSP) 
 
The target displacement 
shall be no less than: Ɂ୲ = C଴CଵCଶSୟ TଶୣͶɎଶ g 
(for rigid diaphragms 
shall be amplified by the 
ratio of the maximum 
displacement at any 
point on the roof to the 
displacement at the 
centre of mass of the 
roof) 
C0 = Modification factor 
to relate spectral 
displacement of an 
equivalent single-degree-
of-freedom (SDOF) 
system to the roof 
displacement of the 
building multi-degree-of-
freedom (MDOF) system 
calculated using one of 
the following 
procedures:  
The first mode mass 
participation factor 
multiplied by the 
ordinate of the first mode 
shape at the control 
node; The mass 
participation factor 
calculated using a shape 
vector corresponding to 
the deflected shape of 
the building at the target 
displacement multiplied 
by ordinate of the shape 
vector at the control 
node; The appropriate 
value from ASCE 41-13 
Table 7-5 
(Other parameters seen 
in LSP) 
 
The target displacement 
shall be modified to 
consider the effects of 
torsion, i.e. multiplied by 
factor η 
The target displacement 
is the seismic demand 
derived from the elastic 
response spectrum in 
terms of the 
displacement of an 
equivalent SDOF system 
 
The target displacement 
of the structure with 
period T* and unlimited 
elastic behaviour is given 
by: dୣ୲∗ = SୣሺT∗ሻሺT∗/ሺʹɎሻሻଶ 
WhereSୣሺT∗ሻis the 
elastic acceleration 
response spectrum at the 
period T*. 
For the determination of 
the target displacement d୲∗ for structures in the 
short-period 
range and for structures 
in the medium and long-
period ranges different 
expressions 
should be used (see 
Appendix B5) 
 
To find the displacement 
demand the structural 
system is studied as an 
equivalent SDOF 
 
If the elastic period of 
the construction is 
T*≥Tc the displacement 
demand is assumed 
equivalent to that of an 
elastic system with the 
same period: 
 (d୫ୟ୶∗  = dୣ,୫ୟ୶∗ =SୈୣሺT∗ሻሻ 
 
If T*< Tc the 
displacement demand d୫ୟ୶∗ is given by: dୣ,୫ୟ୶∗γ∗ [ͳ + ሺγ∗ − ͳሻTୡT∗ ] 
q*=ratio between the 
elastic force and the 
yield force of the 
equivalent system 
In Table 4- 16, specifications regarding the determination of target displacement in NSP from the four 
codified assessment procedures are shown. NZSEE 2006 and ASCE 41-13 adopt similar procedures 
to determine target displacement in the analysis, except for the differences in values specified for 
some parameters or coefficients. However, EN 1998-3: 2005 and NTC 2008 suggest different ways to 
calculate target displacement, as shown in Table 4- 16. 
The following table (Table 4- 17) summarises the similarities and differences of NSP from the four 
codified assessment procedures. As mentioned in Section 3.4, ASCE 41-06 includes a simplified 
nonlinear static analysis, but is abandoned in ASCE 41-13. Discussions regarding this non-applicable 
simplified NSP are shown in Section 3.4. NZSEE 2006 Appendix 4E also includes this simplified 
nonlinear static analysis. 
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Table 4- 17: Summary of similarities and differences in NSP from the four codified assessment procedures 
Nonlinear Static 
Procedure NZSEE 2006 ASCE 41-13 EN 1998-3:2005 NTC 2008 
Applicability or 
Limitations Similar but  ASCE introduces a limitation  for the strength ratio 
Control Node 
Displacement Similar (centre of mass at the roof of the building) 
Capacity Curve Bi-linear relationship with pre-yield slope and post-yield slope 
Three line 
segments Bi-linear elasto-plastic relationship 
Period Determination Effective period Elastic period 
Lateral Load Combination of Modal pattern 
and Second pattern Modal pattern 
Modal and 
uniform pattern 
Combination of 
Group 1 and Group 2 
Target Displacement More coefficients Basic (SDOF) 
Damping Same in the linear procedures 
4.5. NDP (Nonlinear Dynamic Procedure) 
In Table 4- 18, the applicability or limitations of NSP specified the four codified assessment 
procedures are shown. Theoretically, NDP can be used for any structures, regardless of constraints 
due to analysis tools and artificial factors. NZSEE 2006 and ACE 41-13 requires that special care and 
skills (e.g. review and approval by an independent third-party engineer with experience) are necessary 
to carry out the analysis. In addition, NZSEE 2006 also addresses some limitations regarding 
modelling, for instance, the modelling of interactions of flexure, shear, axial loads, the modelling of 
strength degradation, and the modelling of vulnerable beam-column-joint, etc. In Table 4- 19, details 
of modelling characteristics from the four assessment procedures are provided. The summary table 
(Table 4- 20) of the similarities and differences in the four assessment procedures is presented in the 
end of this section. 
Table 4- 18: Applicability or limitation of NDP specified in the four codified assessment procedures 
NDP NZSEE 2006 ASCE 41-13 EN 1998-3: 2005 NTC 2008 
Applicability 
or 
Limitations 
May be used for any structure but may be not 
appropriate for some structures, e.g. wooden 
framed structures. 
 
Special care and skill is required to select 
appropriate modelling approximation. For 
example, the definition of elastic damping needs 
careful consideration, as inappropriate definition 
commonly results in an overestimate of response. 
 
Typically the interactions of flexure, shear and 
axial load are typically not modelled in ITHA 
programs, making it impossible to model the 
onset of shear failure. Similarly, few ITHAs 
include the influence of axial force in columns on 
their stiffness. This can influence predictions of 
onset of inelastic response, and can be critical for 
structures with brittle failure modes. 
 
Some ITHA programs cannot model degrading 
strength characteristics, and few have special 
elements representing the strength and 
degradation characteristics of beam-column 
joints in concrete or steel structures. 
The NDP shall be 
permitted for all 
structures. When the 
NDP procedure is 
used the authority 
having jurisdiction 
shall consider the 
requirement of 
review and approval 
by an independent 
third-party engineer 
with experience in 
seismic design and 
nonlinear 
procedures. 
 
 
 
Table 4- 19: Modelling characteristics specified in NDP from the four codified assessment procedures 
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NDP NZSEE 2006 ASCE 41-13 EN 1998-3 : 2005 NTC 2008 
Control 
It should be supported 
by the results of a 
simplified approach. 
 
 
 
It must be 
compared with a 
modal analysis 
with design 
spectrum to control 
the differences in 
terms of global 
stresses at the base 
of the structure. 
Building 
Response 
The most critical value 
of any response 
parameter (e.g. stress, 
strain, rotation, 
displacement) across the 
family of records shall 
be used to determine 
acceptability. 
The design horizontal 
deflections shall be taken 
as the maxima of the 
appropriate deflections 
obtained for each of the 
required ground motions. 
The design inter-storey 
deflection between 
adjacent levels shall be 
taken as the maximum of 
the inter-storey 
deflections obtained for 
each of the required 
ground motions. 
Component response is independent of the 
direction of action: Average component 
actions (incl. forces and deformations) shall 
be calculated as the mathematical mean of 
the maximum absolute response from each 
response history analysis. The maximum 
response shall be calculated as the maximum 
absolute response from each response history 
analysis. 
Component response is dependent on the 
direction of action: average response 
parameter shall be calculated independently 
for each direction and axis as the 
mathematical means of the maximum 
positive and minimum negative response 
from each response history analysis. The 
maximum response parameter shall be 
determined independently for each direction 
of action as the maximum positive and 
minimum negative response from each 
response history analysis.  
To consider torsional effect, the amplitude of 
the ground acceleration  record shall be 
amplified by the maximum value of factor η 
If the response is 
obtained from at least 
7 nonlinear time-
history analyses with 
ground motions the 
average of the 
response quantities 
from all of these 
analyses should be 
used as the design 
value of the action 
effect in the 
verifications. 
Otherwise, the most 
unfavourable value of 
the response quantity 
among the analyses 
should be used. 
If we use 7 
different families 
of records the 
average of the 
response quantities 
from all of these 
analyses should be 
used as the design 
value of the action 
effect in the 
verifications. 
Otherwise, the 
most unfavourable 
value of the 
response quantity 
among the analyses 
should be used 
Damping 
Viscous damping of 5% 
for all modes whose 
period is less than the 
analysis time step 
included in the analysis 
is to be used unless a 
different value is 
recommended by the 
appropriate material 
Standard 
 
If Rayleigh damping is 
used, there shall be no 
more than 5%of critical 
damping in the two first 
translational modes, and 
no more than 40% 
damping in the 
mode with the period Tn 
 
Damping can be modelled using Rayleigh 
damping or other rational methodology. 
Target elastic viscous damping ratio shall 
not exceed γ% (ȕ=0.0γ), except whenμ 
Building without exterior cladding, the target 
effective elastic viscous damping ratio shall 
not exceed 1% ( ȕ=0.01) 
 
Higher values are permitted if substantiated 
through analysis or test data 
 
Special care require where damping is 
implemented using mass and stiffness 
proportional methods 
 
(The lower damping limits associated with 
the NDP relative to the linear and nonlinear 
static procedures account for the explicit 
modelling of hysteretic damping in the 
analysis. The damping ratio should be 
limited to no greater than the target 
equivalent viscous damping ratio at long 
period) 
  
Table 4- 20: Summary of similarities and differences in NDP from the four codified assessment procedures 
Nonlinear 
Dynamic 
Procedure 
NZSEE 
2006 ASCE 41-13 EN 1998-3 : 2005 NTC 2008 
Applicability 
or Limitations Similar(for all structures) 
Control Similar(supported by the results of simplified approaches) 
Building 
Response 
Maximum 
response 
Average response(response 
independent or dependent on 
the direction of action) 
Average response or 
Maximum response 
Average response or 
Maximum response 
Damping Basic More detailed None 
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4.6. SLaMa (Simplified Lateral Mechanism Analysis) 
4.6.1. Introduction 
SLaMa is referred as an analytical (“by-hand”) nonlinear approach to compute pushover curve, and is 
unique in NZSEE 2006. The flowchart of procedure is shown in Figure 4- 1. It is worth noting that 
NZSEE 2006 only includes the step-by-step SLaMa procedure for reinforced concrete frame-type 
structures, and it has been argued that the procedure needs to be improved according to the most 
advanced research. Hence, investigations and researches are required to propose improvements and 
also to develop simplified procedures to assess other types of structures. The proposed improvements 
are discussed in Chapter 5, and in Section 5.7, a very brief introduction of SLaMa applied to shear 
wall structures is presented. 
 
 
 
 
 
 
 
Figure 4- 1: Flowchart of SLaMa procedure (RC frames) in NZSEE 2006  
Determine CAPACITY (lateral load/base shear, yield and 
ultimate displacement capacity) 
Determine DEMAND from 
acceleration spectrum 
Determine DEMAND from 
displacement spectrum 
Compare CAPACITY to DEMAND 
Calculate %NBS 
Thesis Page 118 
 
4.6.2. Procedures (for RC Frames) 
4.6.2.1. Determine Beam and Column Moment Capacity 
 
Yielding and ultimate moments of beam and column sections of all levels can be computed by hand 
calculation using strain capability assumption and stress block theory illustrated in Figure 4- 2, or can 
be approximated by the preliminary design method defined in SNZ 1995 (i.e. NZS3101:1995) (i.e. 
Asfyjd). The curvatures at three critical points – cracking point, yielding point and ultimate point – 
should be calculated, and a bilinear moment-curvature relationship can then be computed. It should be 
recognised that the flexural capacity of a section should have a varying range with the nominal 
strength as the lower bound and the overstrength as the upper bound. More discussions regarding the 
variation of flexural capacities are presented in Chapter 7 and Chapter 9. 
 
Figure 4- 2: Strain-stress Relationships at Cracking, Yielding and Ultimate States 
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The following problems can be addressed when carrying out SLaMa at this stage (i.e. determining 
beam and column moment capacity), and the measures to solve these problems are discussed in 
Chapter 5 
 There are no detailed instructions of computing moment-curvature relationships. 
 There are no instructions to estimate flexural strength of irregular sections by hand calculation. 
 There are no specific guidelines regarding the impact of axial load variation on columns.  
4.6.2.2. Check Beam Shear Capacity 
 
Check if VBPI > VBD (capacity > demand):  V୆୔୍ = Ͳ.ͺͷ ቆvୡb୵d + A୴f୷୲ds ቇ = Ͳ.ͺͷ ቆk√fୡ′b୵d + A୴f୷୲ds ቇ V୆୔୍ = Initial probable beam shear strength vୡ = Nominal shear stress carried by concrete mechanism 
k = 0.2 (reduced value considering cyclic loading) fୡ′ = Expected concrete compressive strength b୵ = Width of beam web 
d = Effective depth of beam A୴ = Area of transverse shear reinforcement at spacing s f୷୲ = Expected yield strength of the shear reinforcement 
s = Spacing of transverse shear reinforcement V୆ୈ୪ = V୆ୋ୪ + M୆୒୪ + M୆୒୰Lୠୡ  V୆ୈ = Beam shears at the moment capacities (V୆ୈ୪: beam shear at left side of beam) V୆ୋ = Beam gravity shear forces (V୆ୋ୪: gravity shear at left side of beam) M୆୒ = Beam moment capacity (M୆୒୪: moment capacity at left side of beam and M୆୒୰at right side) Lୠୡ = Beam clear span 
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Beam shear capacity can be estimated considering both concrete contribution and structural steel 
contribution, referring to SNZ 1995 (i.e. NZS3101:1995). It is worth noting that the value of 
coefficient k needs to be reduced considering cyclic loading, according to Figure 4- 3. The value of k 
should be bounded within the range [0.08, 0.2] as specified in New Zealand design code SNZ 1995. 
 
Figure 4- 3: Degradation of nominal shear stress resist by the concrete in beam 
Beam shear demands should be estimated on the basis of the beam flexural capacities determined in 
the previous step, and if it is found that the shear demand of a beam exceeds the shear capacity (i.e. 
VBPI < VBD), a reduced effective beam moment capacity M୆୪∗ = ሺV୆୔୍୪ − V୆ୋ୪ሻLୠୡ − M୆୒୰  should be 
applied for this beam. 
It is worth noting that the guidelines associated with the determination of beam shear capacity 
provided in NZSEE 2006 have not been updated according to the latest researches or the latest design 
code provisions regarding the estimation of beam shear capacity, or the latest experimental work 
related to the degradation of shear strength due to cyclic loading, etc. More discussions relating to the 
proposal to update the guidelines are shown in Chapter 5. 
4.6.2.3. Check Beam-Column Joint Shear Capacity 
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Check if Vpjh>Vij: 
V୮୨୦ = Ͳ.ͺͷvୡ୦b୨h = Ͳ.ͺͷk√fୡ′√ͳ + N∗A୥k√fୡ′ b୨h ൑ ͳ.ͻʹ√fୡ′b୨h V୮୨୦ = Probable horizontal joint shear force vୡ୦ = Nominal horizontal joint shear stress carried by a diagonal compressive strut mechanism crossing joint 
k = 1.0 for interior joint 
0.4 for exterior joint with beam longitudinal bars anchored by bending the hooks into the joint core 
0.25 for exterior joint with beam longitudinal bars anchored by bending the hooks away from the joint 
core (into column above or below) fୡ′ = Expected concrete compressive strength b୨ = Effective width of the joint (normally the column width) 
h = Depth of column A୥ = Area of joint, Ag=bjhc V୧୨ = ∑ MୠͲ.ͻhୠ − ቀ∑ Mୠ ୐ౘ୐ౘౙቁLୡ ≈ ∑ Mୠ ሺͳ.ͳlୡ − ͳ.ʹhୠhୠlୡ ሻ V୧୨ = Joint shear at moment capacities ∑ Mୠ = Summation of beam moment capacities at joint hୠ = Depth of beam Lୡ = Column height (between beam centrelines) 
As provided in NZSEE 2006, for the beam-column-joints without shear reinforcement at joint regions, 
shear capacities are estimated only considering concrete core contribution, and NZSEE 2006 does not 
provide any instructions to determine shear capacities of the joints with shear reinforcement. Axial 
loads N* are calculated by load combination N(G+ΨaQ) for interior columns (assuming insignificant 
effect of  earthquake induced axial loads on the interior columns) and N(G+ΨaQ+E) for exterior 
columns. It is worth noting that E can be estimated as the sum of the exterior beam end shears. The 
value of k should be selected depending on joint types, and should be reduced due to cyclic lateral 
loading according to Figure 4- 4.  
 
Figure 4- 4: Degradation of nominal shear stress resist by the concrete of beam-column joints 
Beam-column-joint shear demands are estimated based on the beam flexural capacities determined in 
previous. If the shear demand of one joint is found to exceed the capacity, a reduced effective beam 
moment capacity should be determined as ∑ Mୠ = ୚౟ౠభబ.9౞ౘ−( LౘLౘౙ)Lౙ ≈ V୧୨[ ୦ౘ୪ౙଵ.ଵ୪ౙ−ଵ.ଶ୦ౘ].  
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The following problems can be addressed during checking the beam-column joint capacity, and the 
suggestions to solve the problems are provided in Chapter 5. 
 No detailed procedures are provided to calculate shear strengths of (1) the joints with 
sufficient shear reinforcement; (2) the joints with some but insufficient shear reinforcement. 
 The guidelines associated with the determination of shear capacities of the joints without 
shear reinforcement may be out-of-dated. 
4.6.2.4. Check Column Shear Capacity 
 
Check VCPI> VCD: Vେ୔୍ = Ͳ.͹ʹሺVେ + Vୱ + V୬ሻ Vେ୔୍ = Probable shear strength of columns (without plastic hinging) Vେ = Shear resisted by the concrete mechanisms Vୱ = Shear resisted by the shear reinforcement (assuming that the critical 
diagonal tension crack is inclined at 30°) V୬ = Shear resisted as a result of the axial compressive load N* Vେ = vୡͲ.ͺA୥ =  k√fୡ′Ͳ.ͺA୥ vୡ = Nominal shear stress carried by concrete mechanisms 
k = 0.βλαȕ 
1 ≤ α=γ-ε/(VD) ≤ 1.5 
ȕ = 0.5+β0ρl ≤ 1.0 
D = column diameter 
M/V = ratio of moment to shear at the section 
ρl = longitudinal column reinforcement ratio A୥ = Gross area of the column 
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Vୱ = A୴f୷୲d”s cot͵Ͳ° for rectangular hooβ Vୱ = Ɏʹ Aୱ୮f୷୲d”s cot͵Ͳ° for circular hooβ A୴ = Total effective area of hoops and cross ties in the direction of the shear 
force at spacing s Aୱ୮ = Area of spiral or circular hoop bar f୷୲ = Expected yield strength of the transverse reinforcement d” = Depth of the concrete core of the column measured in the direction of the 
shear force for rectangular hoops and the diameter of the concrete core for 
spirals or circular hoops V୬ = N∗tan∞ N∗ = Axial load on columns (seismic plus gravity) ∞ = For a cantilever column, ∞ is the angle between the longitudinal axis of the 
column and the straight line between the centroid of the column section at 
the top and the centroid of the concrete compression force of the column 
section at the base. 
For a column with double curvature, ∞ is the angle between the longitudinal 
axis of the column and the straight line between the centroids of the concrete 
compressive forces of the column section at the top and bottom of the 
column. 
 Vେୈ = ω୴ Mୠ୧୨୪ + Mୠ୧୨୰ + Mୠ୧,୨+ଵ,୪ + Mୠ୧,୨+ଵ,୰ʹkLୡ ൑ Mୡ୧୨୲ + Mୡ୧,୨+ଵ,ୠkLୡ  Vେୈ = Column shear at moment capacities Mୠ୧୨୪ = Beam moment capacity at left of column i level j Mୠ୧୨୰ = Beam moment capacity at right of column i level j Mୠ୧,୨+ଵ,୪ = Beam moment capacity at left of column i level j+1 Mୠ୧,୨+ଵ,୰ = Beam moment capacity at right of column i level j+1 Mୡ୧୨୲ = Column moment capacity at top of column i level j Mୡ୧,୨+ଵ,ୠ = Column moment capacity at bottom of column i level j k = (No specification) ω୴ = Dynamic magnification factor  ω୴ = Ͳ.ͻ + ୬ଵ଴ if n ≤ 6 ω୴ = ͳ.͵ + ୬ଷ଴ ൑ ͳ.ͺ if n > 6 
As provided in NZSEE 2006, column shear capacities are determined based on the shear resistance 
resulting from concrete mechanism, shear reinforcement and axial compressive load N*. The 
coefficient of 0.72 applied in the formula is derived from the multiple of a reduction factor (i.e. 0.85) 
and a modification factor (i.e. 0.85) based on experimental results. The k factor applied in the 
calculation of shear resisted by the concrete mechanism should be reduced due to cyclic lateral load, 
as shown in the following figure (Figure 4- 5). 
 
Figure 4- 5: Degradation of nominal shear stress resist by the concrete in column 
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In calculating column shear demands, at ground level, the column flexural capacities are used, while 
for the levels above, the beam flexural capacities are applied. It is worth noting that a dynamic 
magnification factor, applied in order to account for higher mode effects, needs not to be considered if 
the storey sway potential Si exceeds 0.85 (i.e. column plastic hinges are expected). An additional 
factor (i.e. k) is applied in determining VCD, however, no definition of this factor is found in NZSEE 
2006.  
If it is found that the column shear demand of one column exceeds the capacity (i.e. VCPI< VCD), this 
column is expected to fail in a brittle manner, indicating that the displacement ductility capacity is low 
(e.g. 1). Thereby, beam moment capacities from the first step should be reduced depending on the 
calculated column shear demands. 
The following problems can be addressed during checking column shear capacity, and the solutions to 
the problems are provided in Chapter 5. 
 The guidelines provided in NZSEE 2006 to determine column shear capacity have not been 
updated with the most advanced researches, code provides or experimental work. 
 There is a lack of sufficient instructions associated with the definition and determination of 
the dynamic magnification factor. 
 There is a lack of guidelines provided regarding the specification of the k factor that is 
applied in determining column shear demands. 
4.6.2.5. Check Joint and Storey Sway Potential and Determine Failure Mechanism 
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 S୔୧୨ = Mୠ୧୨୪ + Mୠ୧୨୰Mୡ୧୨୲ + Mୡ୧୨ୠ S୔୨∗ = ∑ ሺMୠ୧୨୩୪ + Mୠ୧୨୩୰ሻ୧∑ ሺMୡ୧୨୩୲ + Mୡ୧୨୩ୠሻ୧  S୔୧୨ = Sway potential at the joint on column I at level j S୔୨∗  = Sway potential at storey j 
i = Column number 
j = Storey number 
If a joint sway potential (SPij) is found to be greater than 0.85, it can be expected that the column is 
“weaker” than the beam, in order words, column hinges form at top and/or bottom of the joint region 
before the formation of beam hinges. If the storey sway potential (Spj*) is greater than 0.85 at the 
storey j, column side-sway mechanism is expected to occur at the storey j. It is worth noting that the 
application of the storey sway potential can lead to an overestimation of the probably lateral force 
capacity with a wrong failure mechanism captured (i.e. sway potential of each joint of storey j is not 
properly evaluated). A more robust procedure is required so that a correct failure mechanism can be 
predicted. 
4.6.2.6. Determine Overturning Moment Capacity and Base Shear Capacity 
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OTM = ∑ Mୡ୭୪୧୧ + N୉L OTM୘୭୲ୟ୪ = ∑ OTM୩୩  Vୠୟୱୣ = OTMhୣ୤୤,୭୬ୣ ୤୰ୟ୫ୣ , Vୠୟୱୣ,୲୭୪ୟ୪ = OTM୘୭୲ୟ୪hୣ୤୤,୵୦୭୪ୣ ୱ୲୰୳ୡ୲୳୰ୣ or ∑ Vୠୟୱୣ,୩୩  OTM = Overturning moment of a frame ∑ Mୡ୭୪୧୧  = Summation of column moment capacities at base N୉ = Axial force on column due to earthquake (estimated as the sum 
of the exterior beam shears) L = Total span of the frame OTM୘୭୲ୟ୪ = Total overturning moment of system  (k frames) V୆ = Base shear capacity hୣ୤୤ = ∑ m୨h୨ଶ∑ m୨h୨  ሺForce − based aββroachሻ hୣ୤୤ = ∑ m୧∆୧h୧∑ m୧∆୧  ሺDisβlacement − based aββroachሻ hୣ୤୤ = Height of the lateral force resultant m୨ = Mass at storey j h୨ = Height of storey j 
Alternatively, as defined in NZSEE 2006 7.2.4: hୣ୤୤ = Ͳ.͸͹H 
Or for beam sidesway mechanisms: hୣ୤୤ = Ͳ.͸ͶH, for n ൑ Ͷ hୣ୤୤ = [Ͳ.͸Ͷ − Ͳ.Ͳͳʹͷሺn − Ͷሻ]H, for Ͷ < � ൑ ʹͲ hୣ୤୤ = Ͳ.ͶͶH, for n ൒ ʹͲ 
And for column sidesway mechanisms: hୣ୤୤ = Ͳ.ͷH 
Or more accurately,  hୣ୤୤ = (Ͳ.͸Ͷ − Ͳ.ͳͶ Ɋୱ − ͳɊୱ ) H, and Ɋୱ = ͳ + (φ୳ − φ୷)L୮Hn∆୷  
The following problems can be addressed in the determination of overturning moment capacity and 
base shear capacity, and the measures to solve such problems are provided in Chapter 5. 
 There is a lack of guidelines provided regarding the determination of structure displaced 
shape (Δi). 
 There is a lack guidelines provided regarding the determination of total overturning moment 
for a structure with a column side-sway mechanism or a mixed side-sway mechanism. 
 The guidelines provided in NZSEE 2006 to determine the effective height have not been 
updated with the most advanced researches. 
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4.6.2.7. Determine Yield Displacement 
 
For beam side-sway mechanism: ∆୷= Ͳ.ͷɂ୷ Lୠhୠ hୣ୤୤ or [Ͳ.ͷɂ୷ Lୠhୠ hୣ୤୤] OTMଵOTMଶ hୣ୤୤ = Height of the lateral force resultant Lୠ = Full beam length hୠ = Beam depth OTMଵ = Unreduced beam moments OTMଶ = Beam moments reduced for ultimate joint shear OTMଷ = Beam moments reduced for the collapse mechanism 
4.6.2.8. Determine Displacement Ductility Capacity of the Frame Based on the 
Assessed Mechanism 
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Figure 4- 6: Determination of frame ultimate displacement ductility capacity from NZSEE 2006 Appendix 4E 
In Figure 4- 6, suggested values of ultimate displacement ductility capacity corresponding to different 
mechanisms are shown. In Table 4- 21, provided as a summary of guidelines associated with the 
determination of displacement ductility capacity, gather the information from NZSEE 2006 Appendix 
4E (Section 10.3) and NZSEE 2006 Chapter 7 (Section 7.2.4.).  
Table 4- 21: Suggested displacement ductility capacity corresponding to assessed mechanisms 
Assessed Mechanism Suggested Displacement Ductility Capacity 
Column Bar 
Buckling Premature column failure 
Consideration should be given as to the likelihood of 
premature failure of this type occurring in columns with a 
high axial load and inadequate transverse reinforcement 
before undertaking numerical analysis on the more 
conventional possible failure modes. 
Column Shear 
Failure 
Inadequate column shear 
(prior to further mechanism 
forming) 
Ultimate: Ɋୱୡ = ͳ;  
Collapse: Ɋୱୡ = ͳ 
Beam Flexure 
Mechanism 
Beam side-sway mechanism 
(flexure failure or ductile shear 
failure) 
L୮ୠ = Ͳ.ͲͺL + Ͳ.Ͳʹʹf୷dୠ and Ʌ୮ୠ = (φ୳ − φ୷)L୮ L = Distance of the critical section and the point 
of contra-flexure, assumed to be 0.5Lb hୠ = Beam depth 
n = Number of storeys 
φy and φu are determined from beam capacity calculation. 
For n ≤ 4μ Ɋୱୡ = ͳ + ଴.଺ସ(φ౫−φ౯)୐౦ୌ∆౯  
For 4 < n ≤ β0μ Ɋୱୡ = ͳ + [଴.଺ସ−଴.଴ଵଶହሺ୬−ସሻ]ሺφ౫−φ౯ሻ୐౦ୌ∆౯  
For n ≥ β0μ Ɋୱୡ = ͳ + ଴.ସସ(φ౫−φ౯)୐౦ୌ∆౯  
Beam Shear 
Failure Inadequate beam shear 
Ultimate: Ɋୱୡ = ͳ;  
Collapse: Ɋୱୡ = ͳ.ͷ 
Column Flexure 
Mechanism 
Column side-sway mechanism 
(flexure failure or ductile shear 
failure) 
Ɋୱୡ = ͳ + (φ୳ − φ୷)L୮Hn∆୷  
φy and φu are determined from column capacity calculation. 
Beam Column 
Joint Shear 
Failure 
Inadequate joint shear 
Ultimate: Ɋୱ୲୭୰ୣ୷ = ʹ;  
Collapse: Ɋୱ୲୭୰ୣ୷ = Ͷ 
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4.6.2.9. Determine Ultimate Displacement and Plot Pushover Curve 
 
 
 ∆୳= Ɋୱୡ∆୷ 
 
 
 
 
 
 
 
Figure 4- 7: Illustration of a bi-linear pushover curve 
Based on the calculation in previous steps, a bi-linear pushover relationship can be computed, as 
illustrated in Figure 4- 7.  
  
Base shear capacity Vb (kN) 
Displacement capacity at top level Dt (mm) 
Yielding 
(∆�, ��) Ultimate (∆�, ��) 
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4.6.3. Limitations 
The limitations of SLaMa are listed as following: 
 The analysis is applicable only when there is no significant torsional stiffness irregularity. 
 The analysis is applicable only when higher mode effects are not significant. 
 The sequence of development of inelastic actions is not identified. 
 The correct mechanism may be missed. For instance, there is possibility that even though 
flexural and shear checks for individual components are satisfied, and the storey does not 
have a sway potential, however, the actual response could be joint or column hinging before 
beam, which can actually triggering column sidesway mechanism. As a result, the lateral 
force capacity may be overestimated, especially for the structures with low member ductility 
capacity. 
 Mixed sidesway mechanisms cannot be properly assessed. 
 Secondary structural component and non-structural component cannot be accounted for in the 
analysis. 
 The axial load contribution to the total overturning moment is not clearly defined. 
 The determination of effective height not clearly defined, resulting in the Force-Based and the 
Displacement-Based procedures giving the same base shear capacity. 
The problems addressed when performing a SLaMa to a frame manifest that the current SLaMa from 
NZSEE 2006 needs to be improved. The following chapter, Chapter 5, concentrates on the 
improvements suggested to the current SLaMa. 
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CHAPTER 5 Improvements to NZSEE 2006 (Focus on the 
Simplified Method, SLaMa) 
5.1. Introduction 
Based on the detailed study of NZSEE 2006 Guidelines and the critical comparison among the 
alternative assessment procedures (e.g. ASCE 41-13, EN 1998-3: 2005, NTC 2008, etc.), the 
deficiencies of NZSEE 2006 Guidelines can be identified, and the improvements can be suggested. 
Section 5.1 gives a summary of all the suggestions made, and the detailed suggestions regarding 
material level, component level, subassembly level and global level are discussed from Sections 5.2 to 
5.5. It is worth noting that NZSEE 2006 Guidelines will be subject to ongoing refinement and 
development as further understandings and knowledge are gained. 
 More detailed guidelines need to be provided concerning data collection for assessment: 
Based on the study of alternative assessment procedures, it can be suggested that different 
knowledge levels should be defined in New Zealand assessment guidelines (i.e. can be 
referred to Table 6-1 in ASCE 41-13 and modified to accommodate differences between New 
Zealand and America regulations). Future studies associated with the application of 
knowledge factors or confidence factors are required.  
 More detailed recommendations need to be provided regarding the determination of material 
properties and strengths, component properties and strengths (including secondary structural 
and nonstructural components). The recommendations should refer to the following resources 
of information. 
i. Construction documents, structural drawings, survey data, on-site investigations, 
physical testing, etc 
ii. The past and the current New Zealand design standards, i.e. design history 
iii. The most advanced knowledge acquired from the latest researches and experimental 
work 
iv. Knowledge, along with suggestions and instructions, from the alternative assessment 
standards or guidelines 
 The analysis approaches should be improved: Equivalent Static Analysis (i.e. LSP). Modal 
Response Spectrum Analysis (i.e. LDP), Lateral Pushover Analysis (i.e. NDP), and Inelastic 
Time History Analysis (i.e. NDP) should be improved based on the most advanced 
knowledge from the latest researches and from alternative assessment procedures. 
As for the current simplified analytical approach, i.e. SLaMa, the following modifications or 
improvements are suggested, with details shown from Section 5.4 to 5.7.  
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i. Modifications of the formulae (including coefficients) applied to estimate effective 
height, displaced-shape, etc 
ii. Evaluation of strength hierarchy 
iii. Determination of lower and upper bounds of lateral load capacity 
iv. Determination of sequence of mechanisms by Portal Frame Method 
v. Adoption of component analysis model and global structure model 
vi. Application of SLaMa approach to shear wall structures 
 While it is generally considered that the displacement-based procedure produce more rational 
and less conservative outcomes, most designers are currently more familiar with the force-
based procedure. Therefore, the displacement-based procedure should be well-explained in 
the Guidelines and should be encouraged to apply in practice. It can also be encouraged that 
both procedures are performed in practice, and the outcomes of one procedure can be cross-
checked by the outcomes of the other.  
 The determination of demand should be improved, e.g. the application of ADRS format for 
seismic demand should be encouraged. More details regarding this aspect are discussed in 
Chapter 7 and Chapter 9. 
5.2. Material Level 
As discussed in Section 3.3.3, even though instructions to obtain material properties and strengths are 
provided in the current Guidelines, there is a lack of instructions to approximate material properties 
and strengths in the absence of information. Therefore, it can be suggested that more clarified 
requirements for data collection should be defined, and more specified instructions to obtain material 
properties corresponding to the quantity and quality of data collected should be included. Under the 
circumstance of only limited information being available, the followings can be suggested and should 
be included in the Guidelines: 
 Material properties and strengths can be estimated on the basis of the history of material 
properties and strengths concluded from the available building construction documents, 
structural drawings, surveys data on-site investigations, physical testing data, etc. of some 
building representatives For the buildings without the access to sufficient information, it can 
be deduced that they should have the similar material properties and strengths with the 
buildings of the same design and construction period. Table 6- 10 and Table 6- 12 in Section 
6.3.3.1.1 and Section 6.3.3.2.1 provide summaries of concrete compressive strength and 
reinforcing steel yield strength applied in different periods of time according to the 
information collected for a few building representatives (i.e. the 22 RC buildings of 
Knowledge Level 2 in the Refined Database). Therefore, the material properties and strengths 
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of the buildings under assessment can be approximated by selecting proper building 
representatives from Table 6- 10 and Table 6- 12. However, the reliability of these tables 
should be improved by including more building representatives. This requires future data 
collection work. 
 Material properties and strengths can be estimated on the basis of the history of material 
properties and strengths applied in New Zealand past and current designs. Table 6- 11 and 
Table 6- 13 in Section 6.3.3.1.2 and Section 6.3.3.2.2 provide summaries of concrete 
compressive strength and reinforcing steel yield strengths from New Zealand design standards. 
It is worth noting that apart from the suggested values from the design standards, the 
recommendations or suggestions that may affect the determination of material properties and 
strengths also need to be accounted for. More detailed information regarding the material 
properties and strengths is tabulated in Appendix A7. These tables were prepared by SAFER 
group members. 
 Material properties and strengths can be estimated on the basis of the most advanced 
knowledge from the latest research and experimental work. SAFER research group members 
have already carried out researches associated with old concrete hardening issues, steel 
hardening issues, plain steel bar issues, degradation of strength, residual strength, material 
overstrength factors, defining limit states at material level, and so on. The Guidelines should 
be subject to ongoing improvements as further research outcomes are gained. 
 Material properties and strengths can be estimated on the basis of the knowledge, along with 
suggestions and instructions from the alternative assessment standards or guidelines. 
i. The definition of knowledge level from ASCE 41-13 or EN 1998-3: 2005 (or NTC 
2008) can be adopted to establish requirements for data collection.  
ii. The table format of design history of material properties and strengths together with 
the recommendation of default values from ASCE 41-13 can be introduced in NZSEE. 
More details are shown in Section 3.3.3.1 and Section 3.3.3.2, Table 3- 23 and Table 3- 28.  
 The impact on the final assessment results due to the variation of material properties and 
strengths should be specified. The use of material nominal strength, probable strength and 
overstrength should be clarified, and proper material strength variation ranges should be 
suggested corresponding to the different requirements of sophistication. More discussions 
regarding this aspect are shown in Chapter 7 and Chapter 9. 
5.3. Component Level 
The current guidelines provide some specifications of component properties and instructions to 
determine component strengths. However, due to the issues addressed in Section 4.6, improvements to 
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the guidelines are necessary. In the current guidelines, the instructions to determine beam flexural and 
shear strength, column flexural and shear strength, joint shear strength, and wall flexural and shear 
capacity are based on New Zealand design standard SNZ 1995 (i.e. NZS3101:1995), which has 
already been superseded by NZS3101:2006. Hence, these instructions, including formulae, values of 
coefficient, etc., should be modified referring to NZS3101:2006 and the latest researches. In addition, 
the guidelines should also be improved by comparing to the alternative assessment standards or 
guidelines. In Section 3.3.4, the differences in the determination of component strengths, presentation 
of component capacities, acceptance criteria, etc. in the four codified assessment procedures are 
shown.  
Details of suggestions for each type of components (excluding structural walls) are discussed from 
Section 5.3.1 to 5.3.3. 
5.3.1. Beam 
The detailed procedure to determine beam flexural and shear strength from the current guidelines is 
shown in Section 3.3.4.1 and Section 4.6, and the followings are suggested in aiming to improve the 
guidelines. 
 The accuracy of the estimation of beam strengths needs to be specified according to different 
levels of evaluation. For instance, in a quick evaluation, a preliminary approximation of beam 
flexural strength is sufficient, however, in a more detailed evaluation, more sophisticated 
section analyses either by hand or computer program are required to apply. It should be 
clarified that bilinear, tri-linear, or even more complicated moment-curvature relationships or 
force-deformation relationships should be assumed according to different levels of evaluation. 
 The formulae applied, along with the suggested values of some coefficients or parameters (e.g. 
k value that is associated with concrete shear stress, overstrength factor, etc.), to determine 
beam flexural and shear strengths should be updated according to the latest design standard, 
e.g. NZS3101:2006, or should be updated according to the latest researches. 
 The information associated with slab contribution to beam flexural strength, bond 
deterioration, bond slip effect, beam overstrength, strength degradation, residual strength, etc. 
should be updated with the most advanced knowledge from the latest researches. 
 The knowledge, together with the recommendations or instructions from the alternative 
assessment standards or guidelines (i.e. see Table 3- 34 from Section 3.3.4.1) may be adopted. 
i. Component force-deformation analysis models from ASCE 41-13 may be adopted in 
NZSEE. It is worth noting that such force-deformation beam models can be refined 
by interpreting the characteristics such as strength degradation, residual strength, and 
limit state criteria. 
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ii. The suggested acceptance criteria and limit state criteria for beam components from 
ASCE 41-13 may be adopted in NZSEE. 
 The impact on the final assessment results due to the variation of the calculated beam strength 
should be specified. The use of beam nominal strength, probable strength and overstrength 
should be clarified. Proper beam strength variation ranges may be defined, consistent with the 
required level of sophistication. More discussions regarding this issue are shown in Chapter 7 
and Chapter 9. 
5.3.2. Column 
The detailed procedure to determine column flexural and shear strength from the current guidelines is 
shown in Section 3.3.4.2 and Section 4.6. As mentioned in Section 4.6, there is a lack of 
specifications regarding the interaction between column strengths and imposed axial loads, and some 
other aspects such as the characteristics of circular sections, etc. The followings can be suggested: 
 The procedure to conduct moment-axial load interaction analysis should be included in 
NZSEE, then the impact of axial load on flexural capacity of column can be directly 
visualised from the moment-axial load interaction curve as shown in Figure 5- 1. The detailed 
calculation process of the moment-axial load interaction analysis is also presented in Figure 
5- 1. Apart from performing a moment-axial load interaction analysis, the impact of the 
imposed axial load on column curvatures needs to be accounted for. For simplification 
purposes, compared to the influence of the axial load on ultimate curvature, the influence of 
the axial load on yield curvature is insignificant and can be neglected. 
 
Figure 5- 1: Summary of moment-axial load interaction analysis procedures for column 
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 In determining the shear strengths for a column, the N* value should be estimated from the 
load combination of seismic induced axial force and gravity (dead load plus live load), as 
specified in NZSEE2006 Appendix 4E.10.1.8. It can be argued that for simplification 
purposes, in a frame structure with multiple bays, the effect of the earthquake induced axial 
loads on the interior columns can be ignored, and it can be assumed that the earthquake axial 
loads are only resisted by the exterior columns. Hence, N*=G+ΨcQ+E (where Ψc=0.4 from 
NZS1170.0 Table 4.1 Ultimate Limit State) should be applied in the calculation for the 
exterior columns, while N*=G+ΨcQ (Ψc=0.4) for the interior columns. Special attention 
should be arisen when neglecting the impact of earthquake induced axial loads on the interior 
columns in calculation process, as the applicability of such simplification depends on level of 
evaluation required. More refined calculation of earthquake induced axial forces is required in 
a sophisticated assessment. 
 The earthquake induced axial load, i.e. E, can be estimated as the sum of exterior beam end 
shear capacities and factored by RV, where RV is the axial load reduction factor and should be 
calculated by R୚ = ͳ.Ͳ − Ͳ.Ͳͳͷn ൒ Ͳ.͹Ͳ  (n is the number of storeys). Hence, the earthquake 
induced axial load should be calculated as N୓୉ = R୚ × ∑ V୓ୠ, where ∑ V୓ୠ is the sum of 
shears in beams due to the end moments which are sustained when overstrength actions exist 
in the beams. It is worth noting that RV was not taken into consideration during calculation of 
the case studies where nominal or probable material and component strengths were applied, 
since the factor RV arises from the overstrength of beams. 
 Similar to the suggestion proposed for beams, the accuracy of the estimation of column 
strengths may need to be defined according to different levels of evaluation. 
 Also similar to the suggestion proposed for beams, the formulae applied, along with the 
suggested values for some coefficients or parameters (e.g. k value that is associated with 
concrete shear stress, overstrength factor, etc.), to determine column flexural or shear 
strengths should be updated according to the latest design standard, e.g. NZS3101: 2006, or 
should be updated according the latest researches. 
 Depending on the level of evaluation carried out, assumptions should be allowed in order to 
simplify the calculation process. For instance, during calculating column shear strength, it 
may be assumed that the shear resisted as a result of the axial compressive load (Vn) can be 
ignored when Vc and Vs dominate the contribution to shear resistance. Otherwise, the angle 
∞ should be assumed as zero initially and revised after displacement at top of the structure 
being calculated out (i.e. tan∞≈Δu/H). For another example, assumption of α = 1 (i.e. 
simplification of calculating k value) may be adopted if there is lack of information regarding 
the concrete mechanism to resist shear. 
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 The information associated with bond deterioration, bond slip effect, strength degradation, 
residual strength, etc. should be updated with the most advanced knowledge from the latest 
researches. 
 The knowledge, together with the recommendations or instructions from the alternative 
assessment standards or guidelines (i.e. see Table 3- 37 from Section 3.3.4.2) may be adopted. 
i. Component force-deformation analysis models from ASCE 41-13 may be adopted in 
NZSEE. It is worth noting that such force-deformation column models can be 
sophisticated by interpreting the characteristics such as strength degradation, residual 
strength, and limit state criteria. 
ii. The suggested acceptance criteria and limit state criteria for column components from 
ASCE 41-13 may be adopted in NZSEE. 
 The impact on the final assessment results due to the variation of the calculated column 
strength should be specified. The use of column nominal strength, probable strength and 
overstrength should be clarified. Proper column strength variation ranges may be defined, 
consistent with the required level of sophistication. More discussions regarding this issue are 
shown in Chapter 7 and Chapter 9. 
 Procedures to estimate flexural and shear strength of circular columns should be included. 
One of the measures that can be applied is to assume an equivalent square section profile for a 
circular column section, while this method may not provide as good approximation that is 
required in assessment. Therefore, section analysis computer programs, for instance, 
Response 2000, ABSTRACT, etc., are recommended. It should be noted that whether to 
apply the assumed section in quick hand calculation or to apply computer analysis depends on 
the requirements of sophistication. 
 As mentioned in Section 4.6.2.4, during the calculation of column shear demands, more 
clarified guidelines should be included. For instance, there is lack of information regarding 
the definition of dynamic magnification factors. Table 5- 1 summarises the specifications 
associated with dynamic magnification from NZS3101: 1995 (i.e. same in NZS3101:2006) 
and PRESSS Design Book, and they are not consistent with each other. Hence, further 
investigation in this is required. 
Table 5- 1: Specifications of dynamic magnification from NZS3101: 1995 and PRESSS Design Book 
NZS3101: 1995 PRESSS Design Book ω୴ = Ͳ.ͻ + ୬ଵ଴ if n ≤ 6 ω୴ = ͳ.͵ + ୬ଷ଴ ൑ ͳ.ͺ if n > 6 
Where n is the number of building levels 
ω୴ = ͳ.Ͳ if Hn< 45m ω୴ = ͳ.ͳͷ − Ͳ.ͲͲ͵ͶH୬if Hn> 45m 
Where Hn is the total height of the building (from 
ground to roof) 
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5.3.3. Joint 
The detailed procedure to determine shear strength of the joint without shear reinforcement from the 
current guidelines is shown in Section 3.3.4.3 and Section 4.6. As stated in Section 4.6.2.3, the current 
guidelines lack instructions concerning estimating the shear strength of the joint with shear 
reinforcement. Thus, the followings can be suggested: 
 The procedure to determine joint capacity in terms of column moment (i.e. joint equivalent 
moment) should be included, so that the joint capacity versus axial load can be plot in the 
same domain of column moment-axial load relationship. The details of the calculation process 
are presented at the end of this section. 
 Similar to the suggestions proposed for beams and columns, the formulae applied, along with 
the suggested values for some coefficients or parameters (e.g. k value that is associated with 
concrete shear stress), to determine joint capacities should be updated according to the latest 
design standard, e.g. NZS3101: 2006, or should be updated according to the most advanced 
knowledge from the latest researches. In this section, a brief summary of researches in 
strength degradation of joint in the past twenty years is included, as shown in Figure 5- 3, 
Figure 5- 4 and Figure 5- 5. 
 Instructions should be included to determine the capacities of the joints with sufficient shear 
reinforcement or the joints with some but insufficient shear reinforcement. The capacities of 
such joints should be calculated from the sum of concrete and shear reinforcement 
contributions. Tasligedik (2014) suggested that, the horizontal shear stress at joint with shear 
reinforcement can be calculated as: 
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K = 3 for columns in compression, i.e. Ncj> 0 
12 for columns in tension, i.e. Ncj< 0 
0 for columns with zero axial load, i.e. Ncj = 0 
dc = Effective depth of the column 
Av = Total area of the shear reinforcement in the joint (i.e. total of 
the legs) 
fy = Yield strength of the shear reinforcement 
fc’ = Concrete compressive strength 
Astc = Total area of the longitudinal steel reinforcement in the 
column (accounts for the dowel action of the rebar) 
It is worth noting that the calculation is based on design standard NZS3101:2006, which 
should be subject to ongoing refinement and improvement as future researches and 
investigations are carried out. 
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 The knowledge, together with the recommendations or instructions from the alternative 
assessment standards or guidelines (e.g. see Table 3- 42 from Section 3.3.4.3) may be adopted, 
e.g. the joint analysis model with numerical acceptance criteria from ASCE41-13. 
Joint shear stress strain relationships (considering only concrete mechanism contribution) 
based on experimental researches: 
In the current NZSEE 2006 guidelines, k values (from the pt=k√fc’) are specified under three 
circumstances, (1) interior joint; (2) exterior joint with beam longitudinal bars anchored by bending 
the hooks in to the joint core; (3) exterior joint with beam longitudinal bars anchored by bending the 
hooks away from the joint core (into column above or below), illustrated in Figure 5- 2. 
K = 2.0 for interior joint 
 
0.4 for exterior joint with beam longitudinal bars 
anchored by bending the hooks into the joint core 
 
0.25 for exterior joint with beam longitudinal bars 
anchored by bending the hooks away from the joint 
core (into column above or below) 
 
Figure 5- 2: Degradation of nominal shear stress resist by the concrete of beam-column joints (NZSEE 2006) 
Figure 5- 3, Figure 5- 4 and Figure 5- 5 illustrate joint shear stress strain models from several 
researches in history. 
 
Figure 5- 3: Suggested strength degradation model for exterior and corner joints (Priestley 1997) 
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Figure 5- 4: Strength degradation curves for exterior joints (S. Pampanin. 2002) 
 
Figure 5- 5: Strength degradation curves for exterior joints in terms of principal tensile stress vs. joint shear 
deformation (U. Akguzel. 2012)  
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Procedure to calculate capacity for an exterior joint: (based on Mohr’s Circle Theory) 
Horizontal shear force acting on the joint core: V୨୦ = T − Vୡ 
Equilibrium of the external action: Vୡlୡ = Vୠlୠ 
Rearrange to get Vb: Vୠ = Vୡlୡlୠ  
Moment acting at the face of the joint core: Mୠ = Vୠ (lୠ − hୡʹ) = Tjd 
Rearrange to get T: 
 
T = Mୠjd = Vୠ ቀlୠ − ୦ౙଶ ቁjd = Vୡlୡ ቀlୠ − ୦ౙଶ ቁlୠjd  
Substitute to the 1st equation: 
 
V୨୦ = T − Vୡ = Vୡlୡ ቀlୠ − ୦ౙଶ ቁlୠjd − Vୡ = Vୡ [ lୡlୠjd (lୠ − hୡʹ) − ͳ] 
Rearrange to get Vc: 
 
Vୡ = V୨୦[ ୪ౙ୪ౘ୨ୢ ቀlୠ − ୦ౙଶ ቁ − ͳ] 
Joint capacity in terms of column moment: Mୡ୭୪ = Vୡ (lୡ − hୠʹ ) = V୨୦[ ୪ౙ୪ౘ୨ୢ ቀlୠ − ୦ౙଶ ቁ − ͳ] (lୡ − hୠʹ ) 
Assume j=0.9d and Aୣ = b୨ × hୡ: Mୡ୭୪ = ɋ୨୦ሺͳͲͲͲሻϕ  kNm and ϕ = ʹlୠ′ lୡ − ͳ.ͺdlୠͲ.ͻdlୠAୣሺlୡ − hୠሻ 
Nominal horizontal shear stress at the mid-depth 
of the joint core: ɋ୨୦ = V୨୦b୨ × hୡ 
Effective width of the joint: b୨ = minሺbୡ, b୵ + Ͳ.ͷhୡሻ  if bୡ ൒ b୵ b୨ = minሺb୵, bୡ + Ͳ.ͷhୡሻ  if bୡ ൑ b୵ 
Principal tensile and compressive stresses: β୲,ୡ = − f୴ʹ ± R 
Substitute R = √ቀ୤౬ଶ ቁଶ + ɋ୨୦ଶ from εohr’s 
Circle Theory: 
β୲ = − f୴ʹ + √(f୴ʹ)ଶ + ɋ୨୦ଶ 
Rearrange to get horizontal shear: ɋ୨୦ = √β୲ଶ + β୲f୴ 
Substitute to the joint capacity: Mୡ୭୪ = √β୲ଶ + β୲f୴ሺͳͲͲͲሻϕ  kNm  
Principal tensile stress: β୲ = k√fୡ′ 
Stress due to axial load: f୴ = N୴Aୣ 
 
Figure 5- 6: Left: Free-body diagram of as-built specimen; Middle: Mohr’s Circle Theory applied to calculate 
joint shear (Principal Tensile Stress Approach); Right: Illustration of stress, shear and moment at joint region 
For the interior joints, the same calculation process should be followed, but minor changes should be 
made, for instance, the lb’ and lb should be the beam clear span and full span.   
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On the basis of the procedure shown in the previous page, Tasligedik (2014)suggested that the shear 
capacity of a joint can be determined in terms of the column moment, the axial load on the column, 
and the effect of the equivalent static force fraction (Fjt) on the joint, as shown in Table 5- 2. As 
explained in the Tasligedik’s paper “Calculation of Strength Hierarchy at Reinforced Concrete Beam 
Column Joints: from Experimental Studies into Structural Engineering Applications”, the 
consideration of Fjt makes the strength hierarchy procedure applicable for the entire structure, hence, 
the sequence of mechanisms at global structure level can be predicted. However, it is worth noting 
that the method cannot compute pushover curves, in another word, the method cannot provide 
estimation of lateral load capacity nor displacement capacity. Additionally, it has also been argued 
that the account for the application of equivalent static force fraction in determining the capacity 
requires the involvement of demand calculation, which may be inappropriate. Therefore, the 
feasibility of the method needs to be further investigated.  
Table 5- 2: Free body diagram of an exterior and interior joint bounded by the inflection points in columns and 
beams (M=0) (Tasligedik, A. S. and Pampanin, S) and formulation of joint capacity 
Behaviour of structural 
elements under equivalent 
static forces 
Exterior Joint Interior Joint 
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5.4. Evaluate Strength Hierarchy and Effect of Varying Axial Load 
(Local Level with Multiple Components, i.e. Subassembly Level) 
In the current guidelines, the joint sway potential, i.e.S୔୧୨ = ୑ౘ౟ౠౢ+୑ౘ౟ౠ౨୑ౙ౟ౠ౪+୑ౙ౟ౠౘ, is calculated for beam column 
joints in order to predict the location of hinge forming in the structure. As explained in Section 4.6, if 
the sway potential of one joint is found to be greater than 0.85, it then can be predicted that column 
hinges form at the top and/or the bottom of the joint region. However, this procedure only provides 
preliminary prediction, and more sophisticated procedures are required in order that the sequence of 
mechanisms at the joint region can be predicted. 
As a result, the procedure to evaluate strength hierarchy and assess the sequence of mechanisms at 
beam-column joint region is proposed in this section. The mechanisms usually include beam flexural 
hinging, beam shear failure, column hinging, column shear failure, and joint shear failure, and the 
sequence these mechanisms is determined by the intersections of the capacity curves and the demand 
curves. 
As shown in Figure 5- 8, three capacity curves are illustrated, representing beam flexural capacity, 
column flexural capacity and joint shear capacity. The yielding strength of the beam (i.e. half of the 
beam yielding strength if an exterior joint and full yielding strength if an interior joint) is constant 
independent of axial load. The procedures to determine column moment-axial load interaction curve 
and joint shear capacity (in terms of column moment versus axial load) are explained in Section 5.3.2 
and 5.3.3. All the capacity curves are plotted in the same moment-axial load domain. It should be 
noticed that in some cases, where there is potentially beam shear failure or column shear failure, the 
capacity curves representing beam shear capacity and column shear capacity should also be plotted. 
Also shown in Figure 5- 8, axial load demands Ng (i.e. G), with the vary ranges ±NE (i.e. E), are 
plotted in the same moment-axial load domain. The gravity (plus live load) induced and earthquake 
induced axial load can be determined according to the latest load action design code, e.g. NZS1170.5. 
However, in the current guidelines, as discussed in Section 5.3.2, the earthquake induced axial load is 
estimated by the sum of exterior beam end shear capacities, however, it is worth noting that this load 
is “axial load demand at beam shear capacities”, which is inappropriate to apply in strength hierarchy 
evaluation. In order to simplify the calculation process, the approach suggested by Akguzel (2012), as 
shown in Figure 5- 7, can be applied. This approach assumes an inverted triangular profile of lateral 
load with an equivalent load F act at 2/3 of the total height. It is worth noting that as mentioned in 
Section 5.3.2, the impact of varying axial load can be assumed to be negligible for the interior joints 
in a multi-bay-frame. Thus, only Ng is considered for an interior joint, plotted as a single straight line 
in the moment-axial load domain. 
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With the capacity curves and the demand curves plotted in the same moment-axial load domain, the 
sequence of mechanisms then can be determined by the order of occurrence of intersections of the 
capacity and the demand. In Figure 5- 8, the strength hierarchy results for two exterior joints are 
illustrated. Since the lower level joint is subject to larger varying axial load demand compared to the 
upper level joint (i.e. the variation of axial load reduces with height), there is higher potentiality that 
the variation of axial load results in a change of sequence of mechanisms. As shown in Figure 5- 8, 
the first floor joint is expected to have mechanisms sequence changes from “beam hinging – joint 
shear failure – column flexural hinging” to “joint shear failure – column flexural hinging – beam 
flexural hinging” as the axial load demand decreases within the varying range. However, the upper 
floor joint is expected to have mechanisms sequence as “beam hinging – joint shear failure – column 
flexural hinging”, and there is no alternation of sequence with the varying axial load demand. 
 
Figure 5- 7: Assumptions Made in Assessing Axial Load Variation (Akguzel, 2012) 
 
 
Figure 5- 8: Strength Hierarchy Theory (Courtesy of Umut Akguzel)  
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5.5. Global Structure Level 
The current guidelines define three global structure mechanisms: beam sidesway mechanism, column 
sidesway mechanisms and mixed sidesway. In the guidelines, the evaluation of capacity of a frame 
structure corresponding to beam sidesway or column sidesway mechanism by hand is specified, i.e. 
SLaMa, the simple analytical pushover approach. However, the procedure to evaluate the capacity 
corresponding to mixed sidesway mechanism is not properly developed with details due to practical 
limitations associated with modelling and analysis, in spite of the fact that the mixed mode of 
structure response represents the most likely outcome. Hence, SLaMa approach (or the similarly 
simple but robust approaches) should be properly improved in order to provide good approximation of 
the real structure response without involving numerical modelling. The following improvements of 
the approach can be proposed, and it should be noticed that limitations of the current SLaMa are 
summarised in Section 4.6.3. 
 To include the procedure to evaluate strength hierarchy as discussed Section 5.4 
 To include the procedure to determine lower and upper bounds of lateral load capacity 
 To include Portal Frame Method if applicable 
 To modify the formulae applied during calculation, together with the suggested values for 
some coefficients or parameters 
 
 
 
 
 
 
 
Figure 5- 9: Flowchart of application of the representative curves 
Optimally, generalised global structure lateral load – displacement models (e.g. summarised and 
averaged for common building typologies based on a great number of building case studies, 
experimental work and modelling work), together with generalised component force-deformation 
models (e.g. summarised and averaged for typical component types based on a great number of 
component case studies, experimental work and modelling work) should be developed. The flowchart 
(Figure 5- 9) showing the application of these models is presented. More explanations regarding the 
Generalised component 
force-deformation 
relationships/models 
Can be directly applied in 
nonlinear analysis 
programs 
Provide robust 
assessment results 
Generalised global 
structure lateral load-
displacement 
relationships/models 
No need of computer 
modeling 
Provide good 
approximations to the 
real responses, but may 
still need to be confirmed 
by computer modeling 
Can be used in SLaMa 
(Improved), and no need 
of computer modeling 
Provide good 
approximations to the 
real responses, but may 
still need to be confirmed 
by computer modeling 
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models and about the process in Figure 5- 9 are shown in Section 5.5.3 and 5.6. However, due to 
research timeframe constraint, the task to establish these relationships has not been accomplished.  
5.5.1. Determination of Lower and Upper Bounds of Lateral Load Capacity 
A lower bound and an upper bound of the lateral load capacity of a frame can be established, 
providing a varying range of the capacity if the frame is expected to have a mixed sidesway 
mechanism. The upper bound and the lower bound can be determined corresponding to a beam 
sidesway mechanism and a column sidesway mechanism, as shown in Table 5- 3and Figure 5- 10. 
Table 5- 3: Calculation of upper and lower bound of lateral load capacity 
Upper bound Lower bound In Between 
Beam Sidesway Mechanism 
 
 
Column Sidesway 
Mechanism 
 
Mixed Sidesway Mechanism 
 
 OTM = ∑ Mୡ୭୪୧୧ + (∑ Vୣ ୬ୢ ୠୣୟ୫,୬୬ ) L Vୠ = OTMhୣ୤୤,ୠୣୟ୫ ୱ୧ୢୣୱ୵ୟ୷ 
OTM = ∑ Mୡ୭୪୧୧  Vୠ = OTMhୣ୤୤,ୡ୭୪ ୱ୧ୢୣୱ୵ୟ୷ 
OTM = ∑ Mୡ୭୪୧୧ + (∑ Vୣ ୬ୢ ୠୣୟ୫,୶୶ ) L Vୠ = OTMhୣ୤୤,୫୧୶ୣୢ ୱ୧ୢୣୱ୵ୟ୷ 
 
Figure 5- 10: Lateral load capacity versus displacement for different global mechanisms 
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where 
 
 
Determination of lateral load capacity:  
From the detailed procedure of the current SLaMa shown in Section 4.6, it has been found that there 
is no specification associated with the reduction of earthquake induced axial load contribution (i.e. 
NEL) to the total overturning moment especially under column sidesway mechanism circumstances. 
Hence, if the current procedure is performed, it may end up with similar base shear capacities 
independent of mechanisms, which is obviously incorrect. Hence, the following modification should 
be proposed: 
 For beam sidesway mechanism, all exterior beam shear capacities contribute to the total 
overturning moment. 
 For column sidesway mechanism at the first level, no earthquake induced axial load 
contribution should be considered. 
 For mixed sidesway mechanism, Vend beam should be determined from beam flexural capacities, 
or joint equivalent moments, or column flexural capacities, or column shear capacities, 
depending on strength hierarchy at local level, as illustrated in Figure 5- 11. 
 
Figure 5- 11: Determination of global mechanism based on evaluation of strength hierarchy at local level 
∑ Mୡ୭୪୧୧  = Sum of base column moments ∑ Vୣ ୬ୢ ୠୣୟ୫,୬୬  = Sum of end beam shears for all n levels L = Frame full span 
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It is worth noting that strength degradation should be considered if shear failures of the assessed 
components are anticipated (i.e. the checks for shear are not satisfying). The procedure to perform the 
shear check is shown in Section 4.6; however, such procedure may be subject to modification and 
improvement according to the latest researches (e.g. target to provide component force-deformation 
relationship together with flexural-shear interaction). 
The determination of effective height, yield displacement, displaced shape, ductility capacity is 
discussed in the following paragraphs. 
Determination of effective height: 
The followings are defined in the current guidelines to determine effective height of the structure: 
hୣ୤୤ = ∑ m୨h୨ଶ∑ m୨h୨  ሺForce − based aββroachሻ hୣ୤୤ = ∑ m୧∆୧h୧∑ m୧∆୧  ሺDisβlacement − based aββroachሻ 
However, in NZSEE 2006 Section 7.2.4, the procedure shown in Table 5- 4 is specified, which has 
been found inconsistent with the procedure in SLaMa. 
Table 5- 4: Determination of effective height from NZSEE 2006 Section 7.2.4 
Beam Sidesway Mechanism Column Sidesway Mechanism hୣ୤୤ = Ͳ.͸ͶH, for n ൑ Ͷ hୣ୤୤ = [Ͳ.͸Ͷ − Ͳ.Ͳͳʹͷሺn − Ͷሻ]H, for Ͷ < � ൑ ʹͲ  hୣ୤୤ = Ͳ.ͶͶH, for n ൒ Ͷ 
(consistent with the procedure adopted in 
Displacement Based Design) 
Heff≈ 0.5H, or more accurately, hୣ୤୤ = (Ͳ.͸Ͷ − Ͳ.ͳͶ Ɋୱ − ͳɊୱ ) H,  and Ɋୱ = ͳ + (φ୳ − φ୷)L୮Hn∆୷  
It has been found that the variation of effective height has significant impact on the determination of 
lateral load capacity. Therefore, clarification is required for the procedures to determine effective 
height. 
Determination of yield displacement: 
The following formula is specified in the current guidelines to determine yield displacement: ∆୷= Ͳ.ͷɂ୷ Lୠhୠ hୣ୤୤ or [Ͳ.ͷɂ୷ Lୠhୠ hୣ୤୤] OTMଵOTMଶ 
However, in “Seismic Design of Reinforced Concrete and Masonry Buildings” (Paulay, T. and 
Priestley, M.J.N.), the determination of yield displacement is specified as following and is shown in 
Table 5- 5, which is inconsistent with the procedure specified in NZSEE 2006. Therefore, clarification 
is required for the procedures to determine yield displacement. ∆୷= lୡଶ͸ ∑ φ୷ୡ୧୬ଵ  
(where it is assumed that the points of contra-flexure occur at mid column height for all stories) 
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Table 5- 5: Determination of yield displacement from “Seismic Design of Reinforced Concrete and Masonry 
Buildings” for different global structure mechanisms 
Beam Sidesway Mechanism Column Sidesway Mechanism Ʌ୷ୠ = ͳʹ φ୷ୠ Lୠʹ Ʌ୷ୠ−ୡ = Ʌ୷ୠ ∆୷= Ʌ୷ୠ−ୡሺʹ͵ hୣ୤୤ሻ = (ͳʹ φ୷ୠ Lୠʹ) ሺʹ͵ hୣ୤୤ሻ 
Assumptions: 
 The contra-flexural point occurs at beam mid 
span. 
 Same rotation along the column direction and 
along the beam direction for the yield state 
 φ୷ୠ should be chosen as the most critical beam 
yielding curvature 
Ʌ୷ୡ = ͳʹ φ୷ୡ Lୡʹ ∆୷= Ʌ୷ୡሺʹ͵ hୣ୤୤ሻ = ሺͳʹ φ୷ୡ Lୡʹሻሺʹ͵ hୣ୤୤ሻ 
 
Assumptions: 
 The contra-flexural point occurs at column mid 
height. 
 φ୷ୡ should be chosen as the column yielding 
curvature at the level where sidesway 
mechanism occurs. 
Determination of displaced shape (to be applied in displacement-based approach):  
The displacement-based assessment approach requires an estimation of displaced shape of a structure. 
However, the current guidelines lack detailed specification regarding this issue. In “Displacement-
Based Seismic Design of Structure” (Priestley, M.J.N., Calvi, G.M., Kowalsky, M.J.), the procedure to 
approximate the displaced shape of a frame structure is shown as following. However, such procedure 
is only applicable if the frame is subject to a beam sidesway mechanism.  
Δ୧ = Ͷ͵ (H୧H୬) (ͳ − H୧ͶH୬)  for n > Ͷ Ɂ୧ = H୧H୬  for n < Ͷ ∆୧= Ɂ୧ (∆ୡɁୡ) 
In “Seismic Design of Reinforced Concrete and Masonry Buildings” (Paulay, T. and Priestley, 
M.J.N.), the derivation of displacements of all levels, for frame structures subject to either beam 
sidesway mechanisms or column sidesway mechanisms, is found, and the detailed procedure is shown 
in Table 5- 6. However, no procedure was found to calculate the displaced-shape of a frame with a 
mixed sidesway mechanism.  
Table 5- 6: Determination of displaced shape of the structure from “Seismic Design of Reinforced Concrete and 
Masonry Buildings” for different global structure mechanisms 
Beam Sidesway Mechanism Column Sidesway Mechanism 
The displacements for all levels can be directly 
calculated without adopting the concept of 
displaced-shape ratio and critical level. ∆୧= ∆୷୧ + ∆୮୧= Ʌ୷ୡ୧ (ʹ͵ Lୡ) + Ʌ୮ୡ୧ሺLୡ − Ͳ.ͷL୮ୡሻ Ʌ୷ୡ୧ = Ʌ୷ୠ୧ = ͳʹ φ୷ୠ୧ Lୠʹ Ʌ୮ୠ୧ = (φ୳ୠ୧ − φ୷ୠ୧)L୮ୠ and L୮ୠ= Ͳ.ͲͺL + Ͳ.Ͳʹʹf୷dୠ Ʌ୮ୡ୧ = L′Lୠ Ʌ୮ୠ୧ 
If the calculation of displaced-shape ratio is 
Assume column sway occurs at level i: 
From Level 1 to Level (i-1): Ʌ୷ୡ୧ = ͳʹ φ୷ୡ୧ Lୡʹ ∆ଵ= ∆୷ୡଵ= Ʌ୷ୡଵ (ʹ͵ Lୡ) = ͳʹ φ୷ୡଵ Lୡʹ ʹ͵ Lୡ = Lୡଶ͸ φ୷ୡଵ ∆ଶ= ∆୷ୡଶ= Lୡଶ͸ (φ୷ୡଵ + φ୷ୡଶ) ∆ሺ୧−ଵሻ= ∆୷ୡሺ୧−ଵሻ= Lୡଶ͸ ∑ φ୷ୡ୧−ଵଵ  
From Level i to Level n: 
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required: (assume level 1 to be the critical level) ∆ୡ= ∆୷ୡ + ∆୮ୡ= Ʌ୷ୡୡ (ʹ͵ Lୡ) + Ʌ୮ୡୡሺLୡ − L୮ୡሻ Ʌ୷ୡୡ = Ʌ୷ୠୡ = ͳʹ φ୷ୠୡ Lୠʹ Ʌ୮ୠୡ = (φ୳ୠୡ − φ୷ୠୡ)L୮ୠ and L୮ୠ= Ͳ.ͲͺL + Ͳ.Ͳʹʹf୷dୠ Ʌ୮ୡୡ = L′Lୠ Ʌ୮ୠୡ Disβlaced shaβe ratio at level i = ∆୧∆ୡ 
 
Ʌ୮ୡ୧ = ሺφୡ୳୧ − φୡ୷୧ሻL୮ୡ୧ L୮ୡ୧ = Ͳ.ͲͺL + Ͳ.Ͳʹʹf୷dୡ୧ ∆୮୧= Ʌ୮ୡ୧ሺLୡ − L୮ୡ୧ሻ = ሺφୡ୳୧ − φୡ୷୧ሻL୮ୡ୧ሺLୡ − L୮ୡ୧ሻ ∆୧= ∆୷ୡ୧ + ∆୮୧= (Lୡଶ͸ ∑ φ୷ୡ୧ଵ ) + ሺφୡ୳୧− φୡ୷୧ሻL୮ୡ୧ሺLୡ − L୮ୡ୧ሻ ∆ሺ୧+ଵሻ= ∆୷ୡሺ୧+ଵሻ + ∆୮୧= ቌLୡଶ͸ ∑ φ୷ୡ୧+ଵଵ ቍ + ሺφୡ୳୧− φୡ୷୧ሻL୮ୡ୧ሺLୡ − L୮ୡ୧ሻ ∆୬= ∆୷ୡ୬ + ∆୮୧= (Lୡଶ͸ ∑ φ୷ୡ୬ଵ )+ (φୡ୳୧ − φୡ୷୧)L୮ୡ୧(Lୡ − L୮ୡ୧) Lୠ = Beam full length L = Half of clear beam span and assuming that the contra-flexure point locates at the mid span L′ = Distance between the two beam hinges, which is assumed to be β/γ of beam full length, i.e. δ’/δb=2/3 Ɂ୧ = Displaced shape ratio at level i Ɂ୧ = Displaced shape ratio at critical level H୧ = Height of level i H୬ = Height of the structure ∆୧ = Displacement at level i ∆ୡ = Displacement at critical level (assumed to be level 1) ∆୷ୡ = Yield displacement at critical level ∆୮ୡ = Plastic displacement at critical level Lୡ = Column full height L୮ୠ = Beam plastic hinge length L୮ୡ = Column plastic hinge length (assumed to be 0 for beam sidesway mechanism) Ʌ୷ୡୡ = Yield rotation at critical level along column direction Ʌ୮ୡୡ = Plastic rotation at critical level along column direction Ʌ୷ୠୡ = Yield rotation at critical level along beam direction Ʌ୮ୠୡ = Plastic rotation at critical level along beam direction φ୷ୠୡ = Beam yield curvature at critical level φ୳ୠୡ = Beam ultimate curvature at critical level 
Determination of ductility capacity: 
In the current guidelines, the displacement ductility capacity is determined based on the assessed 
global mechanism, shown in Figure 4- 6 and Table 4- 21 in Section 4.6.2.8. However, the following 
formulae are usually adopted in displacement-based approach, found in “Displacement-Based Seismic 
Design of Structure” (Priestley, M.J.N., Calvi, G.M., Kowalsky, M.J.). 
∆୙େ= ∑ m୧∆୧ଶ∑ m୧∆୧  Ɋୱୡ = ∆୙େ∆୷  
This alternative method may be valid if the displaced shape of the structure is well approximated. 
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5.5.2. Computation of Pushover Curve with Sequence of Mechanisms by Portal 
Frame Method 
 
 
 
 
 
 
 
Figure 5- 12: Flowchart showing a summarised procedure of Portal Frame Method 
As shown in Figure 5- 12, the procedure of Portal Frame εethod can be summarised as “three-steps”. 
The first step involves the determination of storey shear capacity and storey displacement capacity 
based on the capacity calculation of individual components and strength hierarchy evaluation, 
followed by the second step, in which base shear capacity of the global structure, displaced shape (and 
global displacement capacity) and the sequence of mechanisms are derived. At the last step, a 
pushover curved can be computed with the development of mechanisms. This method does not 
involve numerical modelling. 
5.5.2.1. Determination of Storey Shear Capacity and Local Displacement Capacity 
 
Figure 5- 13: Detailed procedure to determine storey shear capacity and local displacement capacity 
At local storey level, the hierarchy of strength of components are assessed, and the sequence of 
mechanisms then can be determined. It is worth noting that the determined sequence should be cross-
checked by the evaluation of hierarchy of strength within each beam-column joint (i.e. at subassembly 
level) following the procedure presented in Section 5.4. 
Compute pushover curve with the sequence of 
mechanisms forming 
Determine base shear capacity, sequence of 
mechanisms, displaced shape, global 
displacement capacity  
Determine storey shear capacity and local 
displacement capacity 
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Within level i, local mechanisms include:  
 Beam flexural hinging (i.e. beam reaching flexural capacity which is estimated following the 
improved guidelines, see Section 4.6.2 and 5.3.1); 
 Column flexural hinging (i.e. column reaching flexural capacity which is estimated following 
the improved guidelines, see Section 4.6.2 and 5.3.2); 
 Joint shear failure (i.e. joint reaching shear capacity which is estimated following the 
procedure shown in Section 5.3.3); 
 Column shear failure (i.e. column reaching shear capacity which is estimated following the 
improved guidelines, see Section 4.6.2 and 5.3.2) 
 Beam shear failure (i.e. beam reaching beam shear capacity which is estimated following the 
improved guidelines, see Section 4.6.2 and 5.3.1) 
It is worth noting that the beam shear failure mechanism is not usually accounted for as it is expected 
to be the least likely failure mechanism compared to the others, except for some special cases where 
beam shear failure is anticipated (i.e. beams may not have sufficient shear capacity). 
The mechanisms listed above can be categorised into two main types: the flexural type of mechanism 
and the shear type of mechanisms. The procedures to determine storey shear and local displacement 
for different types of mechanisms are shown in the following.  
Flexural type of mechanisms: 
The local storey shears corresponding to the flexural type of mechanisms can be determined following 
the procedure shown in the following.  
 Vୟ = V୧L୘ Lଵʹ , Mୟ = Vୟ Lୡʹ , hence, Mୟ = V୧L୘ Lଵʹ Lୡʹ Vୠ = V୧L୘ Lଵ + Lଶʹ , Mୠ = Vୠ Lୡʹ , hence, Mୠ = V୧L୘ Lଵ + Lଶʹ Lୡʹ Vୡ = V୧L୘ Lଶ + Lଷʹ , Mୡ = Vୡ Lୡʹ , hence, Mୡ = V୧L୘ Lଶ + Lଷʹ Lୡʹ Vୢ = V୧L୘ Lଷʹ , Mୢ = Vୢ Lୡʹ , hence, Mୢ = V୧L୘ Lଷʹ Lୡʹ 
As shown as “red dots” in the illustration above, it is assumed that contra-flexure points occur at mid 
beam or column spans. It is also assumed that the storey shear is distributed according to the tributary 
area (length) assumption. Moments at column A, B, C, D are determined based on the calculated 
Lଵ,ଶ,ଷ = Beam 1,2,3 full length Lୡ = Column height L୘ = Frame full span Vୟ,ୠ,ୡ,ୢ = Shear at column A,B,C,D Mୟ,ୠ,ୡ,ୢ = Moment at column A,B,C,D  V୧ = Sum of storey shears of 
level i and above 
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beam and column flexural capacities. With the determined Ma, Mb, Mc and Md applied in the equation 
listed above, the sum of storey shears of level i and above, Vi, can be determined, corresponding to 
each flexural mechanism at level i (i.e. beam BC hinging, beam AB or CD hinging, column B or C 
hinging, column A or D hinging). By listing all calculated Vi values in “the-smallest-to-the-largest” 
order, the sequence of the flexural mechanisms can also be determined.  
As discussed in Section 5.3.1 and 5.3.2, for simplification purpose, it can be assumed that beam and 
column sections have bilinear moment-curvature relationships without consideration of strength 
degradation and residual strength. It can also be assumed that the earthquake induced axial loads are 
resisted only by exterior columns; hence, moment-curvature relationships under G+ΨcQ±E are 
applied for exterior columns, and moment-curvature relationships under G+ΨcQ for interior columns. 
With the applied section moment-curvature relationships (including information of yield and ultimate 
curvature), local deformation can be estimated by the procedure shown as follows. 
Case 1: columns pre-yield or just yield Case 2: columns post-yield 
 ∆ʹ = ሺͳʹ Φ Lୡʹሻሺʹ͵ Lୡʹሻ = ͳ͸ ΦሺLୡʹሻଶ  ∆ʹ = (ͳʹ Φ୷ሺLୡʹ − dሻ) (ʹ͵ ሺLୡʹ − dሻ)+ ሺΦ୳dሻ ((Lୡʹ − d) + dʹ) 
*φ is determined by linear extrapolation of moment-curvature relationship of the member. 
*d is determined by linear extrapolation of moment profile of the section.  
This procedure, based on Moment Area Theorem, is simple and straightforward. However, the 
assumptions and simplification applied in the procedure may result in not as good estimation of local 
displacement as expected. Some of the assumptions and limitations are listed: 
 It is assumed that the assessed level i undergoes the same displacement calculated at column, 
without considering diaphragm flexibility or deformability. 
 It is assumed that the greater flexural rigidity of members that have not cracked and the 
greater flexural rigidity between cracks can be ignored. Therefore, the elastic deformation due 
to flexure will be somewhat over-estimated (Paulay, T. and Priestley, M.J.N.). 
Referring to “Seismic Design of Reinforced Concrete and Masonry Buildings” (Paulay, T. and 
Priestley, M.J.N), it is assumed that when the seismic loading on the frame is increased until yielding 
occurs, and yielding will commence at all the critical sections at the same load and at sufficient 
sections to form mechanism. However, this condition rarely occurs in practice because of: 
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 Variations in the actual strengths of materials; 
 Differences between the approximate triangular code-specified seismic loading and the actual 
distribution of inertia loading induced in the structure by an earthquake; 
 Various factors affecting the strength of members 
The Portal Frame Method at this step enables simple estimation of local storey shear and displacement. 
Future researches and investigations are required in aiming to provide more accurate solutions. 
Shear type of mechanisms: 
For joint shear failure mechanism, the storey shear can be determined from the sum of equivalent 
moments of all joints at the assessed level, Vୱ୲୭୰ୣ୷ = ∑ ୑ౠ౥౟౤౪Lౙమ , and the joint equivalent moments are 
determined following the procedure shown in Section 5.3.3. 
As for column shear failure mechanism, the storey shear can be determined from the sum of shear 
capacities of all columns at the assessed level, Vୱ୲୭୰ୣ୷ = ∑ Vେ୔୍ , and the column capacities are 
determined following the procedures discussed in Section 4.6.2 and Section 5.3.2. 
The estimation of shear deformation is not included, since it may require very complicated calculation, 
and can be very time-consuming and inaccurate if only hand calculation is applied. The neglect of 
displacement due to shear can be to some extent compensated by the overestimate of elastic flexural 
displacements, referring to “Seismic Design of Reinforced Concrete and Masonry Buildings” (Paulay, 
T. and Priestley, M.J.N.). 
5.5.2.2. Calculate Base Shear Capacity and Global Displacement Capacity 
 
Figure 5- 14: Detailed procedure to determine base shear capacity, sequence of mechanisms, and global 
displacement capacity 
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 Vୠୟୱୣ ୱ୦ୣୟ୰ = [ͳ + ʹ + ͵ + ⋯ + n]F[i + ሺi + ͳሻ + ሺi + ʹሻ + ⋯ + n]F V୧ = ∑ n୬୬=ଵ∑ n୬୬=୧ V୧ 
Figure 5- 15: Assumed static earthquake force profile 
In order to calculate base shear corresponding each mechanism, for simplification purposes, an 
inverted triangular profile of static earthquake forces can be assumed, as shown in Figure 5- 15, and 
the base shear capacity can be calculated by applying the formula presented. It is worth noting that the 
assumption of the inverted triangular profile is not appropriate when post-elastic mechanisms have 
reached. In reality, the external force profile varies with the change of the displaced shape of the 
structure. The impact of this assumption needs to be assessed by comparing results from Portal Frame 
Method and from numerical adaptive pushover analysis. With the base shear capacities determined 
corresponding to all the mechanisms, the sequence of mechanisms forming can thereby be determined 
by sorting the base shear capacities from the smallest to the largest.  
Before computing the displacement corresponding to each mechanism at the top of a frame structure, 
the displaced shape needs to be determined first, based on the calculation of local storey displacement. 
The displaced shape at first yield state (i.e. yielding mechanism “level x beams reaching yielding 
flexural capacity”) is assumed to be in a linear profile, as shown in Figure 5- 16. In other words, the 
interstorey drifts are the same for all levels, being equal to the calculated yielding rotation at level x. 
The calculation process to estimate the displacements at all level based on interstorey drifts is 
presented below the figure. 
 
Figure 5- 16: Linear displaced shape profile at first yield state 
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Mechanism 1 Mechanism 2 Mechanism 3 …… Mechanism x 
Base shear  
Vbase shear (m1) 
Base shear  
Vbase shear (m2) 
Base shear  
Vbase shear (m3) 
…… Base shear  Vbase shear (mx) 
     
Figure 5- 17: Development of displaced shape corresponding to the sequence of mechanisms Ʌ୧ = ∆୪୭ୡୟ୪,୧Lୡ  Ʌ୧ = Interstorey drift at level i ∆୪୭ୡୟ୪,୧ = Local displacement at level i Lୡ = Storey height 
For the post-yield states after the “first yield” state, following the determined mechanisms sequence as 
shown in Figure 5- 17, the increase of interstorey drift at level i can be calculated from the local 
(storey) displacement which corresponds to each of the mechanisms. The derivation of the displaced 
shape and displacement at each level follows the same procedure for the “first yield” state. 
The determination of the failure mechanism (Mechanism x in Figure 5- 17) is vital. It is 
acknowledged that one of the most critical issues of the application of Portal Frame Method is to 
correctly determine the failure mechanism. Otherwise, the capacity can be either over-estimated or 
under-estimated. It should be assured that no further mechanisms with larger lateral load (base shear) 
capacity can develop, and that the mechanisms developed before Mechanism x will not trigger failure 
of the structure until Mechanism x. The failure mechanism should be determined corresponding to the 
limit states defined at global level (e.g. interstorey drift). In the current NZSEE 2006 Guidelines, only 
Ultimate Limit State is considered, under which an interstorey drift of 2.5% is defined. Alternatively, 
as shown in “Modelling of Shear Hinge Mechanisms in Poorly Detailed RC Beam-Column Joints” 
(Pampanin, S., Megenes, G., Carr, Athol.), the interstorey drift limits corresponding to different limit 
states are specified in Table 5- 7. 
Table 5- 7: Specification of interstorey drifts corresponding to different limit states 
Limit State Drift (%) 
First diagonal cracking 0.65 
Extensive damage 1.0 
Critical damage (reparability issues) 1.5 
Incipient collapse 2 
However, different from NZSEE Guidelines where the limit state criteria are specified at global level, 
in ASCE 41-13, the limit state and acceptance criteria are defined on component basis, shown in 
…… 
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Table in Section 3.3.4. Future researches and investigations are required regarding this issue, and limit 
states at material level, component level, or global level should be properly defined. 
5.5.2.3. Compute Pushover Curve with Sequence of Mechanisms 
 
 
 
 
 
 
 
 
 
 
 
Figure 5- 18: Illustration of computing pushover curve with sequence of mechanisms shown 
As shown in Figure 5- 18, the lateral load capacity and the displacement at the top of the structure 
corresponding to all assessed mechanism are plotted. The capacities (both lateral load and 
displacement) corresponding to Mechanism x are defined as the ultimate capacities, and Figure 5- 19 
illustrates several ways to approximate yielding displacement and lateral load from a pushover plot. 
 
Figure 5- 19: Estimation of yielding displacement based on (a) steel reinforcement “first yield”; (b) equivalent 
elasto-plastic yield; (c) equivalent elasto-plastic energy absorption; (d) reduced stiffness equivalent elasto-
plastic yield (Park, R., 1988) 
The current guidelines adopt the “equivalent elasto-plastic energy absorption” (i.e. “equivalent area”) 
procedure to approximate yielding capacities. 
Base shear capacity Vb (kN) 
Displacement capacity at top level Dt (mm) 
Mechanism 1 
Mechanism 2 
Mechanism 3 
…… 
Mechanism x 
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5.5.2.4. Global yield State Assumption 
 
Figure 5- 20: Simplification of assuming a general yield state 
Compared to the mechanisms concerning shear-type of failures, the sequence of the formation of 
initial flexural hinges is not important. For common cases, the mechanisms such as beam flexural 
hinging or column flexural hinging occur at the beginning after the “first-yield” state, and these 
flexural-type of mechanisms can be replaced by one “general yield state” ignoring the order of these 
mechanisms. Such simplification may lead to differences in the estimation of capacities, and the 
differences are shown in Chapter 7. This simplified procedure may be necessary if a large number of 
building cases are to be assessed. 
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5.5.2.5. Displaced Shape (Determined from Portal Frame Method) for Mixed 
Sidesway Mechanism 
 
Figure 5- 21: Application of displaced shape for mixed sidesway mechanism in the displacement-based 
assessment procedure 
As presented in Section 5.5.2.2, Figure 5- 17 shows the development of displaced shapes following 
the sequence of mechanisms. It is expected that the displaced shape corresponding to the failure 
mechanism (and other critical mechanisms that may trigger partial failure of the structure), which is 
highly likely to be a mixed sidesway mechanism, can be adopted in the displacement-based 
assessment approach. With the chosen displaced shape applied in the DB approach, a simplified bi-
linear pushover plot can then be obtained. This simplification may be necessary when dealing with a 
large number of building cases. The accuracy of the procedure depends on the choice of the displaced 
shapes (i.e. determination of failure mechanism), which is discussed in Section 5.5.2.2.  
The computed bi-linear pushover plot can then be compared to the lower and upper capacity curves 
determined following the procedure in Section 5.5.1, for the purpose of confirming that the computed 
pushover curve is indeed bounded by the upper and lower bounds. 
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5.5.3. Developing Component Analysis Models and Global Structure Models 
Similar to the component analysis models adopted in ASCE 41-13, it can be suggested that New 
Zealand Guidelines can be improved by adopting similar generalised force-deformation relationships 
for typical components. These generalised force-deformation relationships can be derived based on a 
great amount of analytical research (e.g. parametric study), numerical modelling and experiment work 
on the components, and the following should be taken account for: (more details shown in Table 5- 8) 
 Interaction between flexure and shear 
 Degradation of strength 
 Residual strength 
 Selection of critical parameters, and the influence of variation of these parameters to the 
force-deformation curves 
 Specification of limit state criteria at component level, e.g. deformation or drift limits 
As illustrated in Figure 5- 9 in the beginning of Section 5.5, these component analysis models can be 
adopted directly in the nonlinear analysis programs, and then the numerical analysis can provide 
sophisticated predictions of structural responses in seismic events. Alternatively, these component 
analysis models can be applied as inputs to carry out simplified analytical analysis (i.e. the improved 
SLaMa) that does not requires numerical modelling. It is worth noting that analysis model for the 
secondary structural components and non-structural components should also be developed, since the 
behaviour of such components, and the interactions between such components and the primary 
structural components, may significantly influence the overall response of the structure in a seismic 
event. 
Table 5- 8: Description of component model for beam, column, joint, wall and other components 
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It is suggested that not only the component analysis models, but also global structure models can be 
adopted in New Zealand Guidelines. Such global structure models (Table 5- 9) can be established 
based on a great amount of research work (including analytical, numerical and experimental) done for 
a large number of reinforced concrete building cases. The reinforced concrete building representatives 
to be studied should cover all the common reinforced concrete building types, as shown in Table 6- 9 
in Section 6.3.2. For each of the building type, generalised pushover curves should be computed, and 
the changes of curves due to the variations of critical parameters are to be clarified (i.e. should be a set 
of parameters with properly defined variation ranges). With the adoption of such global structure 
models in seismic assessment, without involving complicated calculation and numerical modelling, 
the response of a reinforced concrete building can be directly predicted by referring to the generalised 
pushover curve of the building representatives that have the most alike properties or characteristics to 
the building case under assessment, even when only very limited information of the building to be 
assessed is available. 
Table 5- 9: Description of global model 
 
In addition, for each set of parameter ranges of one building type, lower and upper bounds of the 
generalised capacity curve can also be computed following the procedure in Section 5.5.1. 
More details regarding the idea of adopting the component analysis model and global structure model 
are discussed in the following chapters. Future researches and investigations are required to compute 
these models, and also the applicability of the models should be further investigated.  
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5.6. Discussion 
Table 5- 10 provides a summary of comparison among all the simplified analytical methods discussed 
in the previous sections. These procedures include: 
 The current SLaMa in NZSEE 2006 (Section 4.6) 
 The improve SLaMa with Evaluation of Strength Hierarchy (Section 5.4) and Determination 
of Lower and Upper Bounds of Lateral Load Capacity (Section 5.5.1) 
 The improved SLaMa with Evaluation of Strength Hierarchy and Portal Frame Method 
(Section 5.5.2) 
 The adoption of Component Analysis Models and Global Structure Models (Section 5.5.3) 
It should be noticed that the discussion excludes the procedure involving numerical modelling with 
application of component models. 
Table 5- 10: Comparison among the discussed simplified analytical methods 
Approach Current SLaMa from NZSEE 2006 
Improved SLaMa with 
Evaluation of Strength 
Hierarchy and 
Determination of Lower 
and Upper Bounds of 
Lateral Load Capacity 
Improved SLaMa 
with Evaluation of 
Strength Hierarchy 
and Portal Frame 
Method 
Adoption of 
Component 
Analysis Models 
and Global 
Structure 
Models 
Inputs 
Component properties 
and strength capacities 
(Section 5.1-5.3) 
Component properties and 
strength capacities 
(Section 6.1-6.4) 
Component 
properties and 
strength capacities 
(Section 6.1-6.4) 
Component 
analysis models 
and global 
structure models 
Procedures 
or Tools Analytical Analytical Analytical Analytical 
Outputs 
Bilinear 
approximation of 
pushover curve 
Possible ranges of 
pushover curve 
Pushover curve with 
sequence of 
mechanisms shown 
Pushover curve 
with varying 
ranges 
Advantages Simple 
Simplest among the four 
procedures and provide a 
quick preliminary 
estimation 
Most sophisticated 
among the four 
procedures 
Can be the most 
convenient and 
efficient 
procedure, and 
can provide good 
results with 
acceptable 
varying ranges 
Deficiencies 
Highly potential to 
lead an overestimation 
of capacity, i.e. the 
correct mechanism 
tends to be missed, 
which makes the 
method infeasible in 
practice 
Provide least accurate 
result, i.e. only the lower 
and the upper bounds 
Most complicated 
among the four 
procedures because 
of the large amount 
of hand calculation, 
which is not 
favourable in 
practice 
The 
establishment of 
the models 
requires great 
amount of 
research effort 
The determination of the upper and lower bounds of lateral load capacity only provides a preliminary 
prediction of the structure response in a seismic event. Therefore, this approach should be applied 
together with other approaches, offering a way to check the assessment results. 
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By including evaluation of strength hierarchy and applying Portal Frame Method, a pushover curve 
with sequence of mechanisms can be computed. Though this approach can provide the most 
sophisticated assessment results compared to the other analytical approaches, the comparatively large 
amount of hand calculation work makes this method inapplicable in practice. Besides, there are some 
issues that should be addressed, which have significant influences on the accuracy of the outcomes: 
 As discussed in Section 5.5.2, an inverted triangular lateral force profile is assumed, which is 
appropriate as the real force profile should be proportional to the displacement profile of the 
structure. 
 As discussed in Section 5.5.2, the influence of some structural components and all 
nonstructural components cannot be accounted for in determining lateral load capacity and 
local displacement capacity. 
 As discussed in Section 5.5.2, the deformation due to shear type of mechanisms is not 
properly calculated in the approach. 
 Criteria for limit states are not clearly defined. Clarification is required regarding the criteria 
defined at material level (e.g. material strain limit), at component level (e.g. component 
deformation/drift limit), or at global level (e.g. interstorey drift limit).  
The approach, in which the component analysis models and the global structure models are adopted, 
as discussed in Section 5.6, requires great research effort to establish such component and global 
structure models.  
Considering the comparison among different approaches and the constraints of each approach, future 
researches and investigations are definitely required. It is worth noting that the validations of the 
improvements suggested should be achieved by: (1) correlation between results from the improved 
approaches and the observed damages; (2) comparison between results from the improved approaches 
and from numerical modelling, which are shown in Chapter 7 and 8. 
Thesis Page 164 
 
5.7. Wall 
 
Figure 5- 22: Procedure of simplified displacement-based seismic assessment of a reinforced concrete shear 
wall building (summarised from Displacement-based Seismic Assessment: Practical Considerations, Kam, W.Y., 
Akguzel, U., Jury, R., Pampanin, S., 2013) 
An overall view of SLaMa procedure applied to shear wall structures is given in Figure 5- 22, and an 
example (i.e. the hypothetical wall system shown in Figure 5- 23) was given in the paper 
Displacement-based Seismic Assessment: Practical Considerations to explain how the approach 
works.  
 
Figure 5- 23: Hypothetical wall structural plan for DBA example (internal gravity frames not shown) 
As suggested in the Paper, after obtaining general understandings of the critical structural wall 
sections from structural drawings and preliminary estimation of the potential plastic zones, axial-
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flexural and shear capacities of these wall sections can be calculated. As for the determination of 
flexural capacities and curvatures of structural walls (i.e. probable flexural strengths), the 
conventional moment-curvature analyses can be applied, shown in Figure 5- 24. As for the 
determination of shear capacities of structural walls, (i.e. probable shear strengths)
 
can be calculated 
using conventional shear assessment equations from NZS3101: 2006. 
 
Figure 5- 24: Section analysis of a wall element 
By comparing the determined probable base flexural capacities to the multiples of shear capacities 
and effective wall heights, the governing inelastic mechanisms can then be determined. Thereby, the 
achievable base shear should be the minimum ofφεu/Heff and φVu. It is worth noting that it has been 
recommended by Priestley et al. (2007) that the degradation of shear resistance as a function of the 
flexural ductility demand associated with the flexural hinge at the base should be accounted for in 
assessment. Therefore, as shown in Figure 5- 22, the previous steps may be iterative as the calculated 
curvature ductility demand may subsequently change the governing inelastic mechanism. 
Corresponding to the determined mechanism, yield displacement, plastic hinge length, plastic 
curvature, plastic displacement and ultimate displacement capacity at the effective height of the 
building can then be calculated. With the base shear and displacement capacities determined, bilinear 
push-over curves for the structural walls can be plotted. The lateral strength of the building in each 
principal direction then can be computed by super-positioning of all walls’ base strength contributions 
at the critical displacement capacity, and specific checks of critical structural weaknesses (e.g. critical 
load path, horizontal diaphragm-to-wall, wall foundation, inelastic torsion stability from plan 
irregularity or the amplification of torsion effect due to the accidental eccentricity for elements at the 
edges, etc.) should be performed in order to ensure that the determined mechanisms can sustain. 
At last, %NBS can be calculated by comparing the achievable ductility of the system (i.e. ȝsystem= 
ultimate displacement capacity/ yielding displacement) to the ductility demand that is represented by 
the structural ductility limit for the available detailing. For instance, if the reinforced concrete wall has 
non-ductile detailing such as plain bar lap splices, unconfined boundary ends, etc., a relatively 
conservative ductility limit of 2.0 should be applied.  
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CHAPTER 6 Study of Building Database 
6.1. Building Database 
CHCH CBD Building Database (Kam. Et.al.), shown in Figure 6- 1, records basic building and 
damage information for 3620 buildings in Christchurch CBD, among which 831 are reinforced 
concrete buildings. The basic building information includes structural type, year built, location, 
building name, etc., and the damage information includes tagging, percentage of damages, severity of 
damages to structural and non-structural components, site hazards, etc. 
 
Figure 6- 1: EXCEL spreadsheet of CHCH CBD Building Database (Page 1) 
The buildings from the Database can be categorised into four types of reinforced concrete structures – 
frames, walls, frames with masonry infill and tilt-up structures. For each of the four reinforced 
concrete building types, Table 6- 1 shows the number of buildings that were tagged with green, 
yellow and red after the earthquake sequence, and the corresponding proportions. The number of 
buildings under each building age category (i.e. pre 1930s, 1940s, 1950s, 1960s, 1970s, 1980s, 1990s-
2010s, unknown) and building height category (i.e. in terms of number of stories, 1 storey, 2 storey, 3-
4 storey, 5-8 storey, 9+ storey) for the four structural types is shown in Figure 6- 1. The information 
conveyed by Table 6- 1 and Figure 6- 1 is useful for the determination of building typologies. 
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Table 6- 1: Statistics of reinforced concrete buildings in CHCH CBD Building Database 
Type of Construction NZSEE Building Safety Evaluation Tagging Green Yellow Red 
Reinforced Concrete Frames 179 (50.3%) 101 (28.4%) 76 (21.3%) 
Reinforced Concrete Shear Wall 44 (48.4%) 29 (31.9%) 18 (19.8%) 
Reinforced Concrete Frames with Masonry Infill 98 (47.1%) 86 (41.3%) 24 (11.5%) 
Tilt Up Concrete 120 (68.2%) 40 (22.7%) 16 (9.1%) 
 
 
Figure 6- 2: Age and number of storey statistics for the four typical reinforced concrete building types 
More detailed damage information included in the Database, together with the statistics, is shown in 
Section 6.2. To be concise, in the Database, damage ratio, tagging information, the observed damages 
to structural and non-structural components, and hazards due to surrounding buildings, soil condition, 
slop, etc. are recorded. 
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The Database has been refined for 154 reinforced concrete buildings on the basis of the information 
provided in University of Canterbury Research Report on Observed Earthquake Damage of 
Reinforced Concrete Buildings in the Christchurch CBD on the 22 February 2011 Earthquake 
(Pampaninet.al. 2011), as shown in Figure 6- 3 and Figure 6- 4. 
 
Figure 6- 3: Research Report on Observed Earthquake Damage of Reinforced Concrete Buildings in the 
Christchurch CBD on the 22 February 2011 Earthquake (Pampanin et al. 2011), the Example in the Figure is 
Securities House, with Building Data, Damage Data and Detailed Structural Drawings 
 
Figure 6- 4: EXCEL Spreadsheet of the Refined Database for 154 RC Buildings (Page 1) 
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As shown in Figure 6- 5, the frame-type structures take the largest proportion in the Refined 
Reinforced Concrete Database – up to about 86%, and the frame-type structures can be categorised 
into 6 sub-types: bare frame, frame with shear wall, frame with flat slab, frame with infills, frame with 
tilt-up concrete, and precast frame. It is illustrated in Figure 6- 5 that the frame with infills sub-type 
takes the largest proportion (73%) of pre-70s frame buildings, while the frame with shear wall sub-
type takes the largest proportion (44%) of the post-70s frame buildings. There are significant 
increases in the numbers of precast frame buildings and frame with shear wall buildings after 1970s, 
and there is large reduction in the number of frame with infills buildings. 
The damage statistics drawn from the Refined Database are much less reliable compared to those 
drawn from the Database, due the very small number of buildings included in the refined database. 
However, in the Refined Database, much more detailed information regarding observed damages to 
the components is included, and is discussed in Chapter 7 (building case studies). 
 
 
Figure 6- 5: (1) Common types of reinforced concrete buildings in the Refined Database; (2) Common RC 
frames types found in the Refined Database; (3) Pre-70s RC Frames; (4) Post-70s RC Frames 
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6.2. Observed Damages 
Figure 6- 6, Figure 6- 7 and Figure 6- 8 illustrate the statistics that are drawn from CHCH CBD 
Building Database, and Figure 6- 9 shows the statistics drawn from the Refined Database. It is worth 
noting this section only provides information regarding damages, without comparison with the 
predictive results from seismic assessment. 
 
Figure 6- 6: Damage statistics summary: reinforced concrete frame buildings (low-rise, mid-rise, high-rise with 
red, yellow or green tagging) 
As shown in Figure 6- 6, low-rise reinforced concrete frames appear to be safer compared to mid- or 
high-rise frames, with 54% of pre 70s (including 70s) frames found as green tagged, 69% of 1980s 
frames and 64% of 1990s-2000s frames. For pre70s frames, the mid-rise frames seem to be more 
vulnerable than the high-rise frames, as 47% of the mid-rise frames were red-tagged while only 25% 
of the high-rise frames were red tagged. For the post 70s frames, however, higher proportions (i.e. 53% 
for 1980s frames and 43% for 1990s-2000s frames) of the high-rise frames were red tagged compared 
to mid-rise frames (i.e. 35% for 1980s frames and 25% for 1990s-2000s frames). 
For the reinforced concrete shear wall buildings, as shown in Figure 6- 7, there is a significant 
increase in the number of high-rise wall buildings since 1990s. Among these comparatively new high-
rise wall buildings, 60% of them were red tagged after the earthquakes, indicating that severe 
structural deficiencies may exist in this type of building. For the reinforced concrete frames with 
masonry, the records show that no high-rise masonry infilled frames were included in the CHCH 
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CBD Building Database, and majority of the recorded infilled frames are low-rise, and significant 
damages were recorded to these low-rise infilled frames that were designed and constructed during 
1980s.  
 
Figure 6- 7: Damage statistics summary: reinforced concrete shear wall buildings (low-rise, mid-rise, high-rise 
with red, yellow or green tagging) 
 
Figure 6- 8: Damage statistic summary: reinforced concrete frames with masonry (low-rise, mid-rise, with red, 
yellow or green tagging) 
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Figure 6- 9: Damage statistic summary for the refined building database: reinforced concrete frames (including 
bare frames, frames with shear walls, flat slabs, infills or tilt-up concrete and precast frames)(low-rise, mid-
rise, with red, yellow or green tagging) 
Figure 6- 9 illustrates the statistic drawn from the 154 buildings in the Refined Building Database, but 
it should be reaffirmed that the statistical results are not reliable due to the limited number of 
buildings in the Refined Database. Least damages were observed for the low-rise buildings that were 
constructed pre 70s. 
6.2.1. Tagging 
According to Building Safety Evaluation during a State of Emergency – Guidelines for Territorial 
Authorities (NZSEE, 2009), the post-disaster Building Safety Evaluation process endorsed by 
Department of Building and Housing involves three levels of assessment, shown in the following: 
 Initial Assessment: a brief screening of the exterior of the building in order to identify any 
signs of imminent danger 
 Rapid Assessment (Level 1 and Level 2): inspection through the building if access if 
permitted and to identify any signs of significant structural damage 
 Detailed Engineering Evaluation (DEE): detailed evaluation of the building design, 
construction and potential response in seismic event, and determine strengthening or 
rehabilitation measures if required to meet selected performance level 
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In both CHCH Building Database and the Refined Building Database, tagging information is included 
for each inspected building from Initial Assessment or Rapid Assessment (Level 1 and Level 2). 
Table 6- 2 provides a summary of the definitions of the different colour tags under different 
assessment levels. As shown in Table, a Level 1 Rapid Assessment results in a building being tagged 
as Green, Yellow or Red, whereas a more detailed Level 2 Assessment includes further classifications 
into 6 grades (S. R. Uma, et al.). 
Table 6- 2: Definition of different building colour tagging categories (S.R. Uma, etal.) 
Level of Assessment Colour Tagging Definition 
Level 1 Rapid Assessment 
Red I 
Unsafe, and do not enter. Further 
assessments or evaluation required before 
any use 
Yellow (Y) 
Restricted use; Safety concerns; parts may 
be off limits; entry only for short periods of 
time for retrieving important goods 
Green (G) Inspected, and apparently ok; but may need further inspection or repairs 
Level 2 Rapid Assessment 
Red 1 (R1) Significant damage repairs strengthening possible 
Red 2 (R2) Severe damage demolition likely 
Yellow 1 (Y1) Short term entry only 
Yellow 2 (Y2) No entry to parts until secured or demolished 
Green 1 (G1) Occupiable and no immediate further investigation required 
Green 2 (G2) Occupiable and repairs required 
 
6.2.2. Percentage of damage 
 
Figure 6- 10: Tagging of reinforced concrete buildings (in CHCH CBD Building Database) of the six 
percentage of damage categories (i.e. none damage, 0-1%, 2-10%, 11-30%, 31-60%, and 61-99%) 
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Figure 6- 11: Percentage of damage of reinforced concrete buildings (in CHCH CBD Building Database) of the 
three tagging categories (i.e. red tagging, yellow tagging, and green tagging) 
From Figure 6- 10 and Figure 6- 11, no definite correlation between tagging and percentage of 
damage can be drawn. In generally, the following trends are summarised: 
 In the low percentage of damage ranges (e.g. 0~around 10%), buildings with green tagging 
take the largest proportion; in the mid percentage of damage ranges (e.g. around 10%~30%), 
buildings with yellow tagging take the largest proportion; in the high percentage of damage 
ranges (e.g. 30%~99%), buildings with red tagging take the largest proportion. 
 However, few buildings with red tagging have been found in the low percentage of damage 
categories. Most of these buildings did not have severe structural or non-structural damages, 
but had hazard caused by the adjacent structures and geotechnical issues. It has been also 
found that very few buildings with green tagging are in the high percentage of damage 
categories. This is more likely due to the judgement being biased during evaluation of the 
buildings. 
 In the red tagging building category, buildings with percentages of damage ranging from 0 to 
λλ% are found. As mentioned in previous, the reason for a building is tagged as “red” does 
not necessarily indicate that the building was subject to devastating damages during 
earthquake. Other possible reasons can be hazard from adjacent structures (e.g. leaning of the 
nearby building, collapse of the nearby building, etc.) or geotechnical issues (e.g. sinking and 
settlement of the land, liquefaction of the land, etc.). 
 In the yellow tagging building category, no buildings from the 61~99% percentage of damage 
range has been found. And in the green tagging building category, no buildings from the 
31~99% percentage of damage range has been found. 
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6.2.3. Structural Damages 
As shown in Table 6- 3, the critical observed structural damages are summarised. The 154 buildings 
in the Refined Database are classified in to two general categories: pre 70s (including 70s) buildings 
and post 80s buildings. For the buildings designed and built pre 1970s or during 1970s, due to the 
reason that the capacity design principles were not widely applied in practice, columns sidesway 
mechanisms (i.e. soft storey mechanisms, strong beam-weak column mechanisms) were observed. 
Therefore, the beams were found to generally subject to flexural types of damages while the columns 
and joints were generally subject to shear types of damages. The wall sections designed and built in 
this period, lacked appropriate reinforcing detailing along wall height, were observed to buckle out of 
plane and crush at boundary zones. In the period of post 1980s, together with the development of 
construction techniques and more knowledge of capacity design, materials, components, etc., a lot 
more buildings were designed with very complicated structures (e.g. hanging over components/parts, 
transferring components/parts, etc), resulting in significant irregularity vertically and horizontally. 
More damages due to torsional actions or torsional-flexural/shear mixed actions were observed on 
components. These damages have aroused high attention to design to resist torsion effects and 
assessment of response of components due to torsion actions. The guidelines should be subject to 
improvement and refinements with the outcomes of researches regarding this issue. 
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Table 6- 3: Structural damages observed and summarised from the refined building database 
Component 
or Global 
Structure 
Damages 
Pre 70s (including 70s) Post 80s 
Global 
Structure 
Soft-storey mechanism with severe damages found on 
columns and joints because of the lack of capacity 
design in old days 
Damages due to plan and vertical irregularity 
Beams 
Flexural or shear types of damages found on beams due 
to poor confinement and shear reinforcement in beams, 
especially at end region and splice region. 
   
Beam elongation triggers failure of diaphragm 
   
Slip of reinforcing bars due to the use of plain round 
reinforcing bars in old days 
Columns 
Buckling or shear failure of column due to inadequate 
detailing of shear reinforcement or confinement, 
especially at plastic hinge zone 
 
Damages due to the compromised continuity of 
the element (i.e. inadequate splice and 
detailing) 
Short column mechanism 
 
Shear-axial failure due to insufficient 
confinement under high axial load 
 
Torsional cracks in circular columns due to lack 
of transverse reinforcement 
 
Joint 
Failure of joint area, possibly due to absence of 
horizontal and/or vertical transverse reinforcement, 
inadequate anchorage of beam longitudinal bars, use of 
plain round bars in old days 
   
 
Wall 
Buckling of wall due to insufficient longitudinal 
reinforcement (especially at splice region) or excessive 
wall slenderness ratio 
Out-of-plane damages (wall buckling, concrete 
crushing or spalling, etc.) due to irregular 
shapes, inadequate confinement 
 
Wall boundary zone compression crushing and 
buckling due to lack of detailing of shear reinforcement 
and confinement 
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6.2.4. Other Observed Damages  
Table 6- 4: Damages observed and summarised in the refined building database for secondary structural 
components and nonstructural components 
Secondary Structural 
Components and 
Nonstructural 
Components 
Damages 
Stair 
For a few high-rise buildings: complete or partial 
collapses of internal precast concrete staircase 
 
For many mid to high-rise buildings: 
minor to moderate levels of movements 
and damages 
 
Diaphragm 
Floor-to-wall diaphragm: damage of connections 
   
Floor-to-frame diaphragm: 
  
Nonstructural 
Components 
Vertical components: communication equipment, 
glass facades, parapets, windows, masonry infill 
block walls, partition walls, plasters, chimneys, 
gypsum boards, weatherboards, etc. 
   
Horizontal components: ceiling tiles, 
service ducts, HVAC units, water pipes, 
roof tiles, etc. 
 
Table 6- 5: Damages due to geotechnical issues 
Geotechnical Issues Damages 
Liquefaction 
Differential settlement of RC buildings 
Buildings with pile foundations least affected 
High-rise buildings with shallow foundation most significantly affected 
 
Geotechnical movements, 
e.g. 
Lateral spreading of ground 
Separation/cracks at foundation, ground slab, leaning of base columns and upper level 
structures 
 
Thesis Page 178 
 
One of the most alarming results of the Canterbury earthquake sequence is that the secondary 
structural components and nonstructural components were subject to destructive damages, especially 
stairs, diaphragm, and nonstructural components stated in Table 6- 4. Therefore, high attention has 
been attracted regarding the retrofitting and new designing of such elements, in aiming to increase 
capacities to sustain the potentially high seismic demand and reduce potential damages after 
earthquakes.  
As shown in Table 6- 5, the induced damages to buildings due to geotechnical issues are summarised. 
Severe liquefaction was observed in Christchurch after earthquakes, causing significant differential 
settlements of buildings and houses, particularly in eastern part of Christchurch. Also, the ground 
especially near river side or lake side was subject to severe lateral spreading, leading to the leaning of 
the superstructures.  
Due to scope of the thesis and timeframe constraint, the assessment of secondary structural 
components and nonstructural components and the investigation in geotechnical issues induced 
damages is not included. Future researches are required. 
6.3. Building Information 
It is worth noting that the building information included in this section is retrieved only from the 
Refined Database. In other words, the building cases discussed in the thesis is only limited to the 
reinforced concrete buildings from the refined database. 
6.3.1. Knowledge Levels and Knowledge Factors (or confidence factors) 
By screening the Refined Database, it is obvious that the levels of amount or quality of building 
information vary for different buildings. Among the 154 buildings, only 12 of them are provided with 
the full detailed structural drawings and technical reports (including details of material and component 
properties for design), 10 of them are provided with limited structural drawing, material and 
component information, and for the rest, no structural drawings are available. Hence, two knowledge 
levels can be considered – Level 1 (no structural drawings available) and Level 2 (with some or full 
structural drawings). Corresponding to the different knowledge levels, different levels of assessment 
and analyses should be selected. For instance, for the buildings of Knowledge Level 1, ISA can be 
conducted directly, and if DSA is required, more information, such as structural drawings, condition 
reports, survey data, etc. should be collected. For the buildings of Knowledge Level 2, more 
sophisticated analyses (i.e. SLaMa, NSP&LPA or NDP) can be applied with the sufficient knowledge.  
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6.3.2. Building Typology 
As discussed in Section 6.1, in the Database, four typical reinforced concrete building types are 
defined together with sub-types determined according to building age (i.e. 8 groups) and height (i.e. 5 
groups). However, due to the scope of thesis, simper building typology system is suggested based on 
the study from PAGER-STR, RISK-UE (which is the existing taxonomy suited to European structures) 
and SYNER-G Project. 
PAGER taxonomy, on the basis of existing taxonomy and tailored for worldwide structures, identifies 
a few main classes and some sub-classes. The taxonomy concerning the reinforced concrete structure 
types is shown in Table 6- 6. 
RISK-UE building classification has been developed on the basis of existing taxonomy and adjusted 
for European structures. The RISK-UE matrix comprises 23 principal classes grouped by the 
structural types and materials of construction, and further sub-classes are defined according to the 
three different height classes (i.e. low-rise, mid-rise and high-rise). A building design code and a 
performance level (i.e. pre-code, low-code, moderate-code or high code) are also assigned to each of 
the categories. In Table 6- 7, only classes concerning reinforced concrete structures are shown. 
Compared to PAGER taxonomy and RISK-UE classification, Syner-G Project includes more detailed 
information, as shown Table 6- 8. Syner-G taxonomy is constructed with a modular structure. Such 
modular system makes it possible to take account for all types of structures and makes it convenient to 
add more categories or sub-categories. The categories/sub-categories are defined considering concrete 
properties and strength, rebar properties and strength, reinforcing details, plan irregularities, vertical 
irregularities, cladding characteristics, floor characteristics, roof characteristics, height, and whether 
designed to seismic code, etc. 
In addition, as presented in NZSEE 2015 Conference, an innovative, globally applicable building 
taxonomy was developed for the Global Earthquake Model (GEM) to consistently describe and 
classify buildings. As stated in the abstract of the paper, “The Taxonomy’s potential applications 
extend beyond seismic risk – it can be used to facilitate global collaboration on the diversity of 
vulnerability of the world’s existing buildings”. Due to the scope of thesis, no more details regarding 
GEM Taxonomy are included, and the overall building taxonomy and glossary are available at 
http://www.nexus/globalquakemodel.org/gem-building-taxonomy/overview. 
Table 6- 6: PAGER reinforced concrete structure typology 
Label Description L (1-3) M (4-7) H (8+) 
C1 Ductile reinforced concrete moment frame C1L C1M C1H 
C2 Reinforced concrete shear walls C2L C2M C2H 
C3 Non-ductile reinforced concrete frame with masonry infill walls C3L C3M C3H 
C4 Non-ductile reinforced concrete frame without masonry infill walls C4L C4M C4H 
C5 Steel reinforced concrete (steel members encased in reinforced concrete) C5L C5M C5H 
PC1 Precast concrete tilt-up walls 
 PC2 Precast concrete frames with concrete shear walls PC2L PC2M PC2H 
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Table 6- 7: RISK-UE reinforced concrete structure typology 
Label Description L (1-2) M (3-5) H (6+) 
RC1 RC moment frames RC1L RC1M RC1H 
RC2 RC shear walls RC2L RC2M RC2H 
RC31 Regularly infilled RC frames RC31L RC31M RC31H 
RC32 Irregular RC frames RC32L RC32M RC32H 
RC4 RC dual systems RC4L RC4M RC4H 
RC5 Precast concrete tilt-up walls RC5L RC5M RC5H 
RC6 Precast concrete frames with concrete shear walls RC6L RC6M RC6H 
 
Table 6- 8: Syner-G Project reinforced concrete structure typology 
Description Main Sub 
FRM 
Force 
Resisting 
Mechanism 
FRM1 FRM2 
MRF Moment Resisting Frame EB Embedded beams 
W Structural Wall EGB Emergent beams 
FS Flat Slab     
BW Bearing Wall     
P Precast     
CM Confined Masonry     
FRMM FRM Material 
FRMM1 FRMM2 
C Concrete RC Reinforced concrete 
M Masonry URM Unreinforced masonry 
    RM Reinforced masonry 
    HSC High strength concrete (>50Mpa) 
    ASC Average strength concrete (20-50Mpa) 
    LSC Low strength concrete (<20Mpa) 
    A Adobe 
    FB Fired brick 
    HC Hollow clay tile 
    S Stone 
    HY High yield strength reinforcing bars (>300Mpa) 
    LY Low yield strength reinforcing bars (<300Mpa) 
    A/B/C Classification of reinforcing bars based on EC2 
    LM Lime mortar 
    CM Cement mortar 
    MM Mud mortar 
    SB Smooth rebars 
    NSB Non-smooth rebars 
    CMU Concrete masonry unit 
    AAC Autoclaved aerated concrete 
    H% High % of voids 
    L% Low % of voids 
    Rc Regular cut 
    Ru Rubble 
P Plan R Regular     IR Irregular     
E Elevation R Regular geometry     IR Irregular geometry     
C Cladding 
C CM (Cladding Characteristics) 
RI Regular infill vertically FB Fired brick masonry 
IRI Irregular infill vertically H% High % voids 
B Bare L% Low % of voids 
    AAC Autoclaved aerated concrete 
    PC Precast concrete 
    G Glazing 
    SL Single layer of cladding 
    DL Double layer of cladding 
    P Open first floor (Pilotis) 
    U Open upper floor 
D Detailing 
D Ductile     
ND Non-ductile     
WTB With tie rods/beams     
WoTB Without tie rods/beams     
FS Floor System 
FS FSM (Floor System Material) 
R Rigid RC Reinforced concrete 
F Flexible S Steel 
    T Timber 
RS Roof System 
RS RSM (Roof System Material) 
R Rigid T Timber 
F Flexible Th Thatch 
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    CMS Corrugated metal sheet 
HL Height Level 
HL NS (Number of stories) 
L Low rise, 1-3     
M Mid-rise, 4-7     
H High-rise, 8-19     
Ta Tall, 20+     
CL Code Level 
NC None     
LC Low, <0.1g     
MC Moderate, 0.1-0.3g     
HC High, >0.3g     
 
Table 6- 9: Building typology defined (left: Knowledge Level 1; right: Knowledge Level 2) in thesis 
Main Type Building Age Height  Main Type Building Age Height 
Frame 
Pre1970s 
(including 70s) 
Low-rise (1-3 storey)  
Frame 
Pre1970s 
(including 70s) 
Low-rise (1-3 storey) 
Mid-rise (4-7 storey)  Mid-rise (4-7 storey) 
High-rise (8+ storey)  High-rise (8+ storey) 
Post 1980s 
Low-rise (1-3 storey)  
Post 1980s 
Low-rise (1-3 storey) 
Mid-rise (4-7 storey)  Mid-rise (4-7 storey) 
High-rise (8+ storey)  High-rise (8+ storey) 
Shear Wall 
Pre1970s 
(including 70s) 
Low-rise (1-3 storey)  
Frame-Shear 
Wall Dual 
System 
Pre1970s 
(including 70s) 
Low-rise (1-3 storey) 
Mid-rise (4-7 storey)  Mid-rise (4-7 storey) 
High-rise (8+ storey)  High-rise (8+ storey) 
Post 1980s 
Low-rise (1-3 storey)  
Post 1980s 
Low-rise (1-3 storey) 
Mid-rise (4-7 storey)  Mid-rise (4-7 storey) 
High-rise (8+ storey)  High-rise (8+ storey) 
 
  
 
Frame with 
Masonry 
Infill 
Pre1970s 
(including 70s) 
Low-rise (1-3 storey) 
 
  
 Mid-rise (4-7 storey) 
 
  
 High-rise (8+ storey) 
 
  
 
Post 1980s 
Low-rise (1-3 storey) 
 
  
 Mid-rise (4-7 storey) 
 
  
 High-rise (8+ storey) 
 
  
 
Shear Wall 
Pre1970s 
(including70s) 
Low-rise (1-3 storey) 
 
  
 Mid-rise (4-7 storey) 
 
  
 High-rise (8+ storey) 
 
  
 
Post 1980s 
Low-rise (1-3 storey) 
 
  
 Mid-rise (4-7 storey) 
 
  
 High-rise (8+ storey) 
The suggested building typology applied in thesis is shown in Table 6- 9. The table on the left side 
gives the typology defined corresponding to Knowledge Level 1. Only two main structural types, 
frames and shear walls, are defined due to lack of information. The sub-types are defined according to 
two building age classes (i.e. pre 1970s including 1970s and post 1980s) and three building height 
classes (i.e. low-rise, mid-rise and high-rise). The table on the right side gives a more refined building 
classification corresponding to Knowledge Level 2. Four main structural types, bare frame, frame-
wall dual system, frame with masonry infill and shear wall, are defined, and the sub-types are defined 
according to the same building age and height classes as discussed in previous. It is worth noting that 
the clarification of building typology is fundamental in assessing seismic response of buildings, and is 
vital in developing global structural models explained in Section 5.5.3. Also, the refinement of 
building classification can be accomplished if more building information is obtained. 
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6.3.3. Material Properties or Strengths 
6.3.3.1. Concrete 
6.3.3.1.1. Concrete compressive strength of the buildings in the Refined Database 
Knowledge Level 1 buildings: 
For most of the buildings of Knowledge Level 1, there is a lack of information regarding material and 
component properties, thus, assumptions should be made referring to the design standard at the time 
the building was designed or constructed. Alternatively, assumptions can be made based on the 
information of the similar building classes of Knowledge Level 2. With these assumptions made, 
uncertainties exist, and the effect on the assessment results due to the variation of material strengths is 
discussed in Chapter 7 and Chapter 9.  
Knowledge level 2 buildings: 
The nominal compressive strength of concrete found in the structural drawings or technical reports of 
the 22 buildings of Knowledge Level 2 are summarised in Table 6- 10. It has been found that for the 
pre-70s (including 1970s) buildings, the concrete strength is within a range of [17Mpa, 35Mpa], and 
[25Mpa, 35Mpa] for the post-80s buildings. There is a lack of information of the older concrete and 
the concrete properties in 1990s. 
Table 6- 10: Concrete nominal strength of the 22 buildings of Knowledge Level 2 
Year Concrete strength specified in drawings or 
report (Nominal material strength) 
1960-1969 
5000psi (≈γ4.5εpa) 
4000psi (≈β7.5εpa) 
γ000psi (≈β0.5εpa) 
β500psi (≈17.5εpa) 
1970-1979 γ500psi (≈β4εpa) γ000psi (≈β0.5εpa) 
1980-1989 25Mpa~35Mpa 
1990-1999 No data found 
2000-2009 30Mpa 
6.3.3.1.2. Concrete properties and strengths specified in New Zealand design history 
Table 6- 11, referred to the work of Amir Malek (UC PhD), provides a summary of concrete 
compressive strength in New Zealand design history. More detailed information, such as modulus of 
rupture, direct tensile strength, elastic modulus, Poisson ratio, coefficient of thermal expansion, 
shrinkage, creep, stress-strain curves, and applicable density range, is shown in Appendix A7, 
provided by Amir. 
Table 6- 11: Specified concrete compressive strength from New Zealand standards 
Pre 60s 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 
Not 
specified 
 
NZS3101:1970 
17.2Mpa, 
20.7Mpa, 
27.6Mpa, 
34.5Mpa 
Not 
specified 
NZS3101:1982 
20Mpa<f’c<55Mpa 
 
 
NZS3101:1995 
17.5Mpa<f’c<100
Mpa 
NZS3101:2006 
25Mpa≤f’c<100Mpa 
25 Mpa≤f’c<75Mpa 
(for ductile elements 
and elements of 
limited ductility) 
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6.3.3.2. Reinforcing Steel 
6.3.3.2.1. Reinforcing steel tensile yield strength of the buildings in the Refined Database 
Knowledge Level 1 buildings: 
See Section 6.3.3.1.1. Assumptions should be made referring to the design standard at the time the 
building was designed or constructed, or should be based on the information of the similar building 
classes of Knowledge Level 2. 
Knowledge Level 2 buildings: 
Table 6- 12 summarises the reinforcing steel tensile yield strength of the 22 reinforced concrete 
buildings of Knowledge Level 2 in the Refined Database. Various nomenclatures have been found in 
the structural drawings, and the detailed information is presented in Appendix A7. It is worth noting 
that no sufficient data concerning reinforcing steel properties was found for buildings designed or 
constructed pre1960s and in the period 1990-1999. Table 6- 13 provides a summary of reinforcing 
steel yield strength specified in New Zealand design history. It has been confirmed that the strengths 
specified in the structural drawings or reports are consistent with the standards. 
Table 6- 12: Reinforcing steel tensile yield strength of the 22 buildings of Knowledge Level 2 with component 
section profiles (Note that the Table does not show reinforcing steel details for all the 22 buildings) 
1960-1969 1970-1979 1980-1989 2000-2009 
40000psi(276Mpa)  
60000psi(414Mpa) 
E.g. Strategy House 
(376 Montreal Street) 
 
 
 
HY60 Grade (414Mpa) 
E.g. Old CHC City Council 
Building 
(163 Tuam Street) 
 
 
D/R: 275Mpa 
H: 380Mpa 
E.g. Trade Union Centre 
(199 Armagh Street) 
 
 
40ksi.(276Mpa) 
E.g. Securities House 
(221 Gloucester Street) 
 
 
275Mpa (NZSS1693) 
HY60 Grade (NZSS1879) 
E.g.AMI Building 
(29-35 Latimer Square) 
 
D/R: 275Mpa 
H: 380Mpa 
E.g. Brannigans 
(86 Gloucester Street) 
 
 
 
E.g. Amuri Courts 
(263 Durham Street) 
 
 
D/R: 300Mpa 
H: 430Mpa 
E.g. Terrace on the 
Park 
(78 Park Terrace) 
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6.3.3.2.2. Reinforcing steel tensile yield strength specified in New Zealand design history 
Table 6- 13, referred to the work of Giuseppe Loporcaro (UC PhD), provides a summary of 
reinforcing steel yield strength in New Zealand design history, and can be used as a good reference 
during assessing material strength, especially under the circumstance of lacking sufficient building 
information.  
Table 6- 13: Reinforcing steel standard development in New Zealand and the specified tensile yield strength 
Pre 60s 1960-1969 1970-1979 1980-1989 2000-2009 
BS165-1929 
Not specified 
 
NZS197–1949 
(BS785–1938) 
Mild steel:  
Not specified 
Medium tensile: 
1λ.5tsi(≈β70 εpa) 
1κ.5tsi(≈β55 εpa) 
17.5tsi(≈β41 εpa) 
16.5tsi(≈ββ7 εpa) 
16.5tsi(≈ββ7 εpa) 
High tensile: 
βγ.0tsi(≈γ17 εpa) 
ββ.0tsi(≈γ0γ εpa) 
β1.0tsi(≈βλ0 εpa) 
β0.0tsi(≈β75 εpa) 
1λ.0tsi(≈β6β εpa) 
NZSS1693:1962 
33000 psi  
(≈ ββ7 εpa) 
  
NZSS1879:1964 
HY60 Deformed 
60000 psi 
(≈ 415 εpa) 
  
NZSS1693 
Amendment 1 (1968) 
40000 psi  
(≈ β76 εpa) 
  
NZ 3432P:1972 
40000 psi  
(≈ β76 εpa) 
  
NZ 3402P:1973 
Grade 275 
(275Mpa) 
Grade 380 
380 Mpa 
  
  
NZS 3402:1989 
Grade 300 
(300-355 Mpa) 
Grade 430 
(430-500 Mpa) 
AS/NZS 
4671:2001 
Grade 300 
(300-355 Mpa) 
Grade 500 
(500-600 Mpa) 
  
AS/NZS 4671 
Amendment 1(2003) 
Grade 300 
(300-380 Mpa) 
Grade 500 
(500-600 Mpa) 
 
6.3.4. Component Properties and Strengths 
6.3.4.1. Beams 
6.3.4.1.1. Beam properties found for buildings in the Refined Database 
Knowledge level 1 buildings: 
As mentioned in the previous section, due to the lack of sufficient information of materials and 
components, only a rough estimation of the beam strength can be obtained. Assumptions can be made 
based on the limited building information available and design standards applied when the buildings 
were designed or constructed. The strengths obtained should have larger varying ranges than the 
strengths obtained for knowledge level 2 buildings, and the effect of such variation of component 
strengths is discussed in Chapter 7 and Chapter 9. 
Knowledge level 2 buildings: 
Beam properties of 9 frame-type reinforced concrete structures of Knowledge Level 2, including the 
geometry and reinforcing details, are summarised in Table 6- 14. 
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Table 6- 14: Beam properties specified in structural drawings or technical reports 
Properties 1960-1969 1970-1979 1980-1989 
Section 
sketches 
 
 
 
 
 
Beam width 
(mm) 
254 406.4  
203.2 (254 LV1) 
 
450 
600 
560/400PC,560/700IS 
320 
450(FR2/5/C/E), 350(FRC/E LV7~10), 650 (FR3/4) 
480 (FR A/H), 400 (FR C/F) 
Beam height 
(mm) 
812.8 (977.9 DIR) 609.6 
736.6 
600(405 LV3~5 EX) 
500 
800PC,1000/ 650/950/500/800IS 
900 
900 (FR 2/5/C/E), 600 (FR 3/4) 
400 
Beam length 
(mm) 
9792 (4588 DIR) 9144(4876.8DIR) 
6794.5 (5067.3 DIR) 
2130, 4725, 6962, 3100, 8405, 5840, 3836 
5800, 5212, 5086, 6500, 7384, 7327 
3430/3550 PC, 4500/3250 IS 
5410/ 5495/ 5900/ 6050/ 6000/ 4888/ 4988 
9900/ 4310/ 8200/ 8000/ 5380 
5450/ 5350/ 5200/ 5539/ 5347/ 7000 
Beam 
longitudinal 
reinforcing 
bars 
D32, 28, 25, 22, 
19 
D28, 25, 22 
D24, 20, 16 
D24, 20 
D24, 20, 16 
D32, 28, 24, 20, 16 
D32, 28, 24, 20, 16, 12 
D28, 24, 20, 16 
H32, 28, 24, 20, 16 D16 
Beam 
longitudinal 
reinforcing 
ratio 
1.112%~2.308% 1.046%~2.004% 
0.907%~2.331% 
0.903%~2.025% 
0.628%~1.768% 
0.404%~1.268% 
1.213%~2.592% 
1.101%~1.983% 
1.047%~3.676% 
Beam 
transverse 
reinforcing 
bars 
R10@304.8 
R10@457 
R10@114.3 (PPHZ) 
R10@228.6(NPPHZ) 
 
R10@177.8 
R10@50 (PPHZ), @250 
R10@100 (PPHZ), @200,400 
R10@100(IN),250(EX),150(D,EX),140(D, upIN,low EX) 
R10@80, 120 
R10@115/130/135/160/200/300,12@140/250 
R10@ 100/160/250/ 
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6.3.4.1.2. Beam properties and strengths specified in New Zealand design history 
The information concerning beam properties and the determination of strengths specified in New 
Zealand design history can provide good references during assessing reinforced concrete beam 
elements. The information can be in a table-format (similar format to the table in Appendix A8, 
discussed in Section 6.3.4.2.2), including with section sketches, geometry descriptions, parameters, 
numbers and formulae from New Zealand design standards. This requires future research and 
investigation. 
6.3.4.2. Columns 
6.3.4.2.1. Column properties found for buildings in the Refined Database 
Knowledge level 1 buildings: 
See Section 6.3.4.1.1. 
Knowledge level 2 buildings: 
Column properties of 9 frame-type reinforced concrete structures of Knowledge Level 2, including 
the geometry and reinforcing details, are summarised in Table 6- 15. 
Table 6- 15: Column properties specified in structural drawings or technical reports 
Properties 1960-1969 1970-1979 1980-1989 
Section 
sketches 
 
 
 
 
 
 
 
 
Column 
width (mm) 
457.2 (508 FRB) 457.2 
457.2 
600 (Ø=356 (456 IN)) 
500 (Ø=450 (600*600)) 
500PC,500/625 IS 
450 PC, 550 IS 
500(FR2/5/C/E),900(FR3/4 EX),600 (FR3/4 IN) 
Ø=400 (FR A/H), 600 (FR C/F) 
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Column 
height (mm) 
457.2(635JO,558.
8FRB) 
 
508(1524FRC,457.2TLV
) 
457.2 
800 (Ø=356 (456 IN)) 
600 (Ø=450 (600*600)) 
800PC,800/600 IS 
900 
900EX,1000IN(FR2/5),800EX,900IN (FRC/E),500(FR2/4 
EX),600(FR3/4 IN) 
Ø=400 (FR A/H), 600 (FR C/F) 
Column 
length (mm) 
3772 3657.6 (2743.2 LV1) 
3048 
3420 (3960 LV1, 3000 TLV) 
3300 
3400 (3600 LV1, 2800 LV2) 
3200 (4000 GLV) 
3275(3600 LV1) 
3400 
Column 
longitudinal 
reinforcing 
bars 
60/40 – 32, 28, 25 
 
H32, 28, 22 (16, 13) 
D28 
H24, 20 
H24 
H32, D32, 28, 24, 20 
H32, 28, 24, 20, 16 
D32, 28, 24, 20 
H32, 24, 20 
Column 
longitudinal 
reinforcing 
ratio 
1.109%~4.583% 0.931%~2.357% 
1.178%~3.535% 
0.901%~2.727% 
1.810%~2.413% 
0.905%~2.721% 
1.129%~1.955% 
0.860%~2.083% 
1.280%~2.276% 
Column 
transverse 
reinforcing 
bars 
R10@304.8, 
177.8, 279.4, 
152.4, 254 
R16@80.43 
R10@127 (PPHZ), 304.8 
 
R10@228.6 (76.2 at SP) 
R10@50 at JO, @100 at SP, @200,300 
R10@90,100(PPHZ), @180,200 
EX: 
LV1~3: 2H20@300 & 3R10@100 
LV3~8: 2D16@200 & 3R10@100 
LV8~11:2R10@100 
IN: 
LV1~2: 3R20 or (R16+2R12) @100 
LV2~8: (R16+2R12) @100 PHZ,  (R16+2R12) @200other 
LV8~11: 2R10@250 
 
R16@ 75, R12@ 90 
R10@100,12@65/100/130/120,16@100 
R10@ 300 
 
6.3.4.2.2. Column properties and determination of strengths specified in New Zealand design 
history 
The information concerning column properties and the determination of strengths specified in New 
Zealand design history can provide good references during assessing reinforced concrete beam 
elements. The table shown in Appendix A8, retrieved from Arsalan Niroomandi (UC PhD)’s research 
on gravity columns and super columns, provides a completed summary of column properties and 
strengths applied along New Zealand design history. However, in order to improve the current New 
Zealand assessment guidelines by including these information, future research and investigation is 
required.  
6.3.4.3. Joints 
6.3.4.3.1. Joint properties found for buildings in the Refined Database 
Knowledge level 1 buildings: 
See Section 6.3.4.1.1. 
Knowledge level 2 buildings: 
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Table 6- 16: Joint properties specified in structural drawings or technical reports 
Properties 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 
Section Sketches      
Beam width      
Beam height      
Column width      
Column heigt      
Beam longitudinal reinforcing      
Beam transverse reinforcing      
Column longitudinal reinforing      
Column transverse reinforcing      
Joint reinforcing      
Splice at joint      
Etc.      
6.3.4.3.2. Joint properties and strengths specified in New Zealand design history 
This requires future research and investigation, for instance, a summary of joint properties and 
strengths applied along New Zealand design history can be obtained from Alberto Cuevas Ramirez 
(UC PhD)’s research on joint residual strength. 
6.3.4.4. Walls  
The wall properties found for buildings in the Refined Database, wall properties and strengths 
specified in New Zealand design history should be summarised. Due to timeframe constraint and 
scope of thesis, the summaries are not completed. 
6.3.4.4.1. Wall properties found for buildings in the Refined Database 
Table 6- 17: Wall properties specified in structural drawings or technical reports for 3 wall-type reinforced 
concrete buildings of Knowledge Level 2 
Properties 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 
Section Sketches      
Wall thickness      
Wall length      
Wall height      
Aspect ratio      
Longitudinal reinforcing bars      
Longitudinal reinforcing ratio      
Transverse reinforcing bars      
Transverse reinforcing ratio      
Boundary elements      
Additional confinement      
Etc.      
6.3.4.4.2. Wall properties and determination of strengths specified in New Zealand design 
history 
This requires future research and investigation, for instance, a summary of wall properties and 
strengths applied along New Zealand design history can be obtained from Farhad Dashti (UC PhD)’s 
research on shear walls. In addition, a comparison between the design standards NZS3101: 1995 and 
NZS3101: 2006 is provided in Appendix A3. 
  
This Table should be completed by future researches and 
investigations. 
This Table should be completed by future researches and 
investigations. 
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6.4. IEP Results 
Before the commencement of more detailed assessment of Christchurch CBD building study cases, 
Initial Evaluation Procedure was carried out on the 154 buildings in the Refined Building Database. 
The conclusion drawn from IEP is shown in the following. IEP results, together with the 
determination of potential structural deficiencies (i.e. assigned values for factors) are shown in 
Appendix A13. 
 
Figure 6- 12: IEP results of the red tagged, yellow tagged and green tagged buildings in the Refined Database 
 Among the 36 red tagged buildings in the Refined Database, 69.4% of them were assessed to 
be in the category of “%NBS < γ4%”, ββ.β% were in “γ4% ≤ %NBS < 67%”, and κ.γ% were 
in “%NBS ≥ 67%”.  
 Among the 60 yellow tagged buildings in the Refined Database, 61.7% of them were assessed 
to be in the category of “%NBS< 34%”, γ0.0% were in “γ4% ≤ %NBS < 67%”, and κ.γ% 
were in “%NBS ≥ 67%”. 
 Among the 58 green tagged buildings in the Refined Database, 58.6% of them were assessed 
to be in the category of “%NBS< 34%”, βλ.γ% were in “γ4% ≤ %NBS < 67%”, and 1β.1% 
were in “%NBS ≥ 67%”. 
 From the statistical results shown in Figure 6- 1, IEP can only provide preliminary 
determination of potential structural deficiencies, and the %NBS values can be either 
conservative or vice versa due to the lack of knowledge.  
 For buildings of Knowledge Level 1, before carrying out more detailed assessment, building 
information, such as structural drawings, construction documents, material test reports, and so 
on, should be collected. For buildings of Knowledge Level 2, with the building information at 
the hand, more detailed assessment should be carried out. In Chapter 7, building case studies 
from the Knowledge Level 2 building category were selected to undergo detailed seismic 
assessment procedures. IEP results of the selected building case studies are shown in Chapter 
7 and Appendix A13. 
69.4% 
22.2% 
8.3% 
Red Tagged Buildings 
61.7% 
30.0% 
8.3% 
Yellow Tagged Buildings 
58.6% 
29.3% 
12.1% 
Green Tagged Buildings 
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CHAPTER 7 Case Study Building – Securities House and 
Alternative Case Study Buildings (with details shown in 
Appendix A14) 
7.1. Building Information 
7.1.1. Building Brief Descriptions 
 
Figure 7- 1: Photo of the Building 
Table 7- 1: Brief information of Building No.21 – Securities House 
As shown in Table 7- 1, Building No.21 – Securities House, located at 221 Gloucester Street, is an 8-
storey reinforced concrete building which was used as commercial office before 2011 Canterbury 
Earthquake. The building was built in 1974, possessing one reinforced concrete perimeter frame in the 
longitudinal direction (i.e. Frame 1), reinforced concrete perimeter frame systems in the transverse 
direction (i.e. Frame A and Frame D), and C-shaped reinforced concrete structural wall along with an 
inner L-shaped singly reinforced wall on the east side of the building, as shown in the plan view of the 
building (Figure 7- 2). 
The building has a regular shape, but unbalance resisting system in terms of strength (stiffness) exists 
due to the location of the staircase core on east side with no counterpart on the west facade. 
Information Description 
Building Name Securities House (Building No.21) 
Building Location 221 Gloucester Street 
Number of Storey Above Ground 8 
Age 1974 (built year) (1970-1979) 
Structural Type RC Frames with Walls 
Building Typology Pre-70s (including 70s) RC Mid-High-rise Frame with Shear Walls 
Occupancy Type Commercial office 
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Figure 7- 2: Ground floor plan view of Building No.21 Securities House with illustration of structural systems 
7.1.2. Structural Systems 
Table 7- 2: Summary of critical/principle structural systems 
NOTE: “Gravity load” in the table is a general term describing load from vertical direction, including live 
load, etc. 
Gravity loads in the central area are resisted by columns with capitals joint continuously to the cast in-
situ floor slabs. The perimeter frames not only take proportions of gravity loading, but also resist 
lateral forces, for instance, Frame 1 resisting the lateral force coming along the longitudinal direction 
and Frame A and D resisting the lateral force coming along the transverse direction. The C-shaped 
Structural Systems or 
Components Type Load Path 
Frame 1 Seismic-load-dominated RC frame 
Resist lateral load from longitudinal direction 
Resist gravity load 
Frame A Seismic-load-dominated RC frame 
Resist lateral load from transverse direction 
Resist gravity load 
Frame D SAME as Frame A SAME as Frame A 
C-shaped Shear Wall 
Seismic-/Gravity-load-
dominated RC structural core 
wall 
Resist gravity load from stairs, slabs or building 
equipment 
Resist lateral load from both longitudinal and 
transverse directions 
L-shaped Wall Gravity-load-dominated wall Resist gravity load from stairs or building 
equipment 
Interior Frames Gravity-load-dominated steel frames Resist gravity load 
Foundation System Single footings for columns 
and deep beams for walls 
Footings and deep beams are attached to the 
ground using piles. Footings are attached to each 
other using slender foundation beams. 
RC Frame A 
RC Frame D (Identical to A) 
RC Frame 1 
C-Shaped 
Shear Wall 
L-Shaped Brick Wall 
RC Frame A 
RC Frame D (Identical to A) 
RC Frame 1 
C-Shaped 
Shear Wall 
L-Shaped Brick 
Wall 
A 
B 
C 
D 
1 
2 3 4 
22’
3(1
/2
)’’
 
22’
3(1
/2
)’’
 
22’
3(1
/2
)’’ 
16’7(1/2)’’ 16’7(1/2)’’ 16’7(1/2)’’ 
22’ 
14’7’’ 
N 
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reinforced concrete wall can resist lateral loading from both directions, and it is worth noting that the 
performance of the corner parts of the walls is complicated to assess due to bi-directional loading. The 
interior L-shaped wall, made of concrete bricks with a simple mesh inside two brick layer and singly 
reinforced, works as a support for stairs or other building equipment. It has also been discovered that a 
number of gravity-dominated steel interior frames exist in the building. The foundation system is 
formed by single footings for columns and foundation deep beams for walls, attached to the ground 
using piles. Footings are attached to each other using slender foundation beams. 
Plan and elevation views of the critical structural systems are shown in Figure 7- 3. Figure 7- 4 shows 
an elevation sketch of one of the critical structural system Frame 1. 
(a) (b) (c)
(d)                      (e) 
Figure 7- 3: Critical structural systems of Building No.21; (a) Frame 1 (west elevation view); (b) Frame A 
(north elevation view); (c) Frame D (south elevation view); (d) C-shaped shear walls (east elevation view) (e) 
C-shaped shear wall and L-shaped wall (plan view)  
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Figure 7- 4: Elevation view of Frame 1 
Table 7- 3: Beam section profiles in Frame 1 
Level Exterior Beam Sections Interior Beam Sections 
Level 1 
 
SAME with exterior 
Level 2,3,4 
 
 
Level 5,6,7,R 
 
SAME with exterior 
Ground Level 
Level 1 
Level 2 
Level 3 
Level 4 
Level 5 
Level 6 
Level 7 
Roof Level 
10’ 
(3048mm) 
10’ 
10’ 
10’ 
10’ 
10’ 
10’ 
10’ 
22’3(1/2)’’ 
(6794.5mm) 
22’3(1/2)’’ 
(6794.5mm) 
22’3(1/2)’’ 
(6794.5mm) 
Frame 1 
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Table 7- 4: Column section profiles in Frame 1 
Level Exterior Column Sections (A1, D1) Interior Column Sections (B1, C1) 
Ground level 
to 
Level 4 above 
 
 
Level 4 above to      
Level 5 above 
 
 
Level 5 above to      
Roof 
  
In Figure 7- 4, the elevation view of Frame 1 is shown. Table 7- 3 and Table 7- 4 summarise the 
section profiles for beams and columns in Frame 1. The computation of component strengths is shown 
in Section 7.3. 
7.1.3. Secondary Structural Components and Non-structural Components 
Table 7- 5 provides a summary of secondary structural components and nonstructural components. In 
Figure 7- 5, section details (from structural drawings) of floor slabs, stairs, brick wall and cladding 
system are shown.  
It is worth recognising that in a seismic event, the behaviour of the secondary structural components 
and non-structural components may significantly influence the overall response of the structure, and 
the cost to repair the damages caused by non-structural components is sometimes evaluated as much 
greater than the cost to repair the damages to the structural components. Therefore, assessment of the 
less critical structural components and non-structural components is necessary, and current guidelines 
may need to include detailed instruction to assess such components, as discussed in Section 5.1. 
Table 7- 5: Summary of secondary structural components and non-structural components 
Secondary structural 
and non-structural 
components 
Type Description 
Floor System Cast-in-situ RC slab  Slabs of 10 in. (i.e. 254mm) along line 2 and 3, and 5 in. (i.e. 127mm) else where 
Stairs Two-way reinforced 
stair units/tread 
Properly seated or connected. Stairs are jointed at each 
floor level by cast in situ floor slabs. 
Masonry/Brick Wall 
(the L-shaped Wall) 
Gravity load-dominated 
wall 
Interior brick wall with simple mesh and single layer of 
reinforcement 
Claddings/Windows Glass Glassing in form of stiff still windows is found to be 
attached rigidly to the structure 
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(a) Slab 
(b) Stairs 
(c)L-shaped wall (d) Windows 
Figure 7- 5: Secondary structural components and non-structural components; (a) Typical section profile of 
cast-in-situ RC slabs; (b) Typical section profile of reinforced stair tread; (c) Plan view of brick wall; (d) 
Elevation view of windows 
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7.1.4. Observed Damages 
Only outside inspection (Level 1 and Level 2 Evaluation) was done, and the observed damage 
information is shown in the following tables. 
Table 7- 6: General damage information of Building No.21 – Securities House 
Table 7- 7: Summary of observed structural damages 
Table 7- 8: Summary of observed non-structural damages 
Table 7- 9: Summary of site hazard and geotechnical damages 
The following photos show the damages observed after earthquakes.  
 
Inspection General damage information 
Tagging Red 
Building Damage Ratio 11-30% 
Usability Rate R2: Severe damage demolition likely 
Demolition Info. NOT on Demolished Building List (Up to 13/02/2014) (CERA) 
Structural Damage Damage Description 
Beams Plastic hinge formations in external beam ends in all storeys except top floor 
Columns Severe short column damage on 1st floor 
Joints Joint hinging in internal joints in all storeys except top floor 
Foundation Minor/ None 
Roof  Floor Minor/ None 
Non-structural 
Damage 
Damage Description 
Masonry Walls Severe diagonal cracking in masonry wall on ground floor 
Stairs Minor/ None 
Claddings/Windows Severe windows damage/hazard 
Site Hazard or Geotechnical Damage Hazard or Damage Description 
Hazard of Collapse Minor/ None 
Hazard of Leaning Moderate 
Hazard to Neighbour Buildings Moderate 
Overhead Hazard Moderate 
Settlement or Slip Minor/ None 
Slope Failure Minor/ None 
Ground Movement Minor/ None 
Liquefaction Mino/ None 
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Figure 7- 6: Photos showing the observed damages to Building No.21 
Joint cracks at beam-
column connections 
Shear cracks due to 
short column 
 
Flexural cracks at beam end 
Window 
damage/hazard 
Diagonal crack 
at RM wall 
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7.2. Initial Seismic Assessment of Building No.21 
7.2.1. Preliminary Consideration on Seismic Vulnerability and Identify Critical 
Structural Weakness or Deficiencies 
After studying the structural drawings, some issues which can be the cause of critical structural 
weaknesses are listed as following. 
 Depth of beam sections of all levels, reading as 736.6mm, is larger than the depth of columns, 
457.2mm. It is possible that the deep beams have higher flexural strength than the columns, 
leading to weak-columns-strong-beam mechanism based on Capacity Design Theory. It is worth 
noting that the building was built during mid-1970s when Capacity Design had not been 
introduced in design or construction yet, i.e. lack of capacity design. 
 Potential inadequate reinforcement detailing has been discovered according to the drawings 
a. The amount of column longitudinal reinforcement rapidly decreases from level 4 and level 5. 
The reinforcement ratio of the upper levels (4~roof) is less than half of that of the lower levels 
(ground ~3). This may trigger soft-storey mechanism on the upper levels, causing partial or 
total structural failure. 
b. The L-shaped wall is only singly reinforced, but this probably will not be critical in predicting 
structural damage. 
c. Transverse reinforcements of beams, columns and walls are of the minimum amount. Most 
members only have single steel leg or hoop at large spacing distance, unable to provide 
proper confinement nor to prevent buckling of the longitudinal reinforcement 
 C-shaped and L-shaped walls have intrinsic eccentricities (irregular shapes), and could be 
partially damaged under torsional effect. 
 Even though the building has a regular shape, irregularity (stiffness and mass) exists due to the 
core wall systems with heavy stair and service loading locating on the east side of the building. 
 As mentioned previously, the rapid reduction of longitudinal reinforcement in columns lead to 
vertical irregularity. 
It was assumed that some essential elements, such as foundations, piles-caps, beams connecting core 
walls and frames, etc. are secured, and will not be evaluated in the following assessment procedures. 
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7.2.2. IEP 
Table 7- 10 shows the key assumptions made during the assessment of Building No.21, referring also 
to the attached Appendix A13.  
As shown in Table 7- 11, the initial seismic assessment of Building No.21 indicates that it can achieve 
20%NBS in both the longitudinal and transverse direction, identified as Earthquake Prone Building 
(EPB), corresponding to a ‘Grade D’ building as defined by in the NZSEE building grading scheme. 
This is below the threshold for Earthquake Prone Buildings (34%NBS) as recommended by the 
NZSEE. Building No.21 has 10~25 times of risk relative to a new building, and considered to be 
“high risk” according to NZSEE grading system.  
A Detailed Seismic Assessment is required in order to confirm the results from IEP, also to 
investigate deeply in the structural weaknesses. 
Table 7- 10: Summary of IEP Assumptions and Justifications in Assessing Building No.21 
Table 7- 11: Summary of IEP Results of Building No.21 
  
7.3. Detailed Assessment of Building No.21 Frame 1 
The current SLaMa procedure and the improved procedures (i.e. evaluation of strength hierarchy, 
determination of lower and upper bounds of lateral load capacity, and Portal Frame Method) were 
carried out for Building No.21 Frame 1. The assessment results computed from these procedures are 
shown in the following sections, and the differences in the results are discussed. 
IEP Item Assumption Justification 
Date of Building Design 1965-1976 Before Capacity Design Theory introduced in design and 
construction 
Soil Type Type D Soft soil 
Building Importance Level 2 Public building 
Ductility of Structure 2 Reinforced concrete frames and RC structural walls 
Plan Irregularity (Factor A) 0.7 Severe (core wall systems with stairs and service loading 
on the east side) 
Vertical Irregularity (Factor B) 0.7 Significant (rapid reinforcement details reduction) 
Short Columns (Factor C) 0.7 Significant 
Pounding (Factor D) 1 Insignificant 
Site Characteristic (Factor E) 1 Insignificant 
Factor F 0.8 Lower than 1 due to minimum transverse reinforcing and 
confinement details, and lack of capacity design  
Building Name Securities House 
Orthogonal 
Directions 
Potential 
Score 
Potential 
Grade 
Approximate Risk/New 
Building 
Life-safety Risk 
Description 
Longitudinal 20% EPB D 10~25 times high risk 
Transverse 20% EPB D 10~25 times high risk 
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7.3.1. Determine Material Properties and Strengths 
Table 7- 12: Summary of nominal material properties 
Nominal material strengths of Building No.21 are clearly stated in the structural drawings, shown in 
Figure 7- 7, and summarised in Table 7- 12. Converting to S.I. units, the concrete strength (fc’), 
concrete tensile strength (assuming fct=0.36(fc’)1/2), concrete elastic modulus (assuming 
Ec=3320(fc’)1/2+6900), reinforcing steel yield strength, steel elastic modulus were calculated as 
24.132MPa, 1.768MPa, 23209.16MPa, 275.790MPa, 200000MPa, respectively. The steel strain then 
was calculated out as 0.001379, and the crushing strain of concrete was assumed to be 0.003 due to 
inadequate confinement. 
 
Figure 7- 7: Material Strengths Stated in Building No.21 Structural Drawings 
The calculated probable material properties are shown in Table 7- 13, along with the approximation of 
potential varying ranges of the mean strengths. The use of nominal material properties listed in Figure 
7- 7 provides a lower bound of component strength, while a use of probable properties of the 
materials gives an estimation of probable of component strength. For the cases where detailed 
material information is not available, probable strengths with variation of ±20% should be used in the 
assessment. 
Table 7- 13: Summary of probable material properties and variation ranges 
Materials Properties Values 
Concrete 
Strength (fc’) (MPa) 24.132 (≈24) 
Tensile Strength (fct) (MPa) 1.768 
Elastic Modulus (Ec) (MPa) 23209.160 (≈23209) 
Crushing Strain (εcu) Assumed to be 0.003 
Reinforcing Steel 
Yield Strength (fsy) (MPa) 275.790 (≈276) 
Elastic Modulus (Es) (MPa) 200000 
Yield Strain (εsy) 0.001379 
Ultimate Strength (fsu) (MPa) 
Assume 275.790 (≈276) (ignoring strain hardening 
effect, i.e. assuming bi-linear stress-strain 
relationship)  
Ultimate Strain (εsu) 0.15 
Materials Properties Values 
Unconfined 
Concrete 
Strength(fc’) (MPa) 36.198(�௖,௣′ = ͳ.ͷ × �௖′) and [29, 43] (±20% of mean) 
Tensile Strength(fct) (MPa) 2.166 
Elastic Modulus(Ec) (MPa) 26874.705 (≈26875) 
Crushing Strain(εcu) Assumed to be 0.003 
Confined 
Concrete 
Strength(fcc’) (MPa) 54.297 (�௖௖′ = ͳ.ͷ × �௖,௣′ ) (≈54) 
Crushing Strain(εcu) 
≈0.008~0.009 (for different sections) Mander Model �௦ = ଵ.ହ�ೡ௕�௦  and �௖௨ = Ͳ.ͲͲͶ + ଵ.ସ��௙�ℎ��ೠ௙�� , where: ܣ௩ = 157.08, 235.62, 314.16mm2 
(for different column sections) � = 229mm �௖ = 457.2mm ��ℎ = 300MPa �௦௨ = 0.15 
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7.3.2. Determine Component Flexural Capacity 
Based on the determined material properties and strengths, the flexural capacities of beams and 
columns were calculated following the procedure shown in Section 4.6.2.1. The calculated flexural 
strengths are summarised in Table 7- 14 and Table 7- 15.  
It is worth noting that the presented strengths in the tables were determined based on the nominal 
material strength. These values define the lower bound of the component flexural capacity. The 
calculation based on the probable material strengths are shown in Section 7.4.1. For beam sections, 
the overstrength can be estimated as ܯ௕,௢ = ͳ.ʹͷ × ܯ௕,௡, giving the upper bound of the beam flexural 
capacity. The calculation of column overstrength requires more detailed consideration, such as the 
influence of axial load and confinement. For the columns confined by NZS3101:1995 specified 
amount of transverse reinforcement in potential plastic hinge regions, the overstrength can be 
calculated as ܯ௖௢௟,௢ = ቆͳ.ʹͷ + ʹ ( ே∗௙�′�� − Ͳ.ͳ)ଶቇܯ௖௢௟,௡ ≥ ͳ.ʹͷ × ܯ௖௢௟,௡, while for the columns with 
less confining reinforcement, the overstrength can be calculated by applying the material 
overstrengths. 
Table 7- 14: Summary of beams and columns yielding and ultimate flexural moment capacity (based on nominal 
material strengths) (without consideration of axial load on columns) of Frame 1 in Building No.21 
Level 
Beam Column 
Exterior Interior Exterior Interior 
ϕy My ϕy My ϕy My ϕy My 
ϕu Mu ϕu Mu ϕu Mu ϕu Mu 
1 0.002809 323.94 0.002809 323.94 0.005104 300.16 0.005104 245.53 0.054114 343.45 0.054114 343.45 0.035205 389.48 0.025514 348.91 
2 0.002889 289.24 0.002679 214.24 0.005104 300.16 0.005104 245.53 0.057150 301.48 0.067672 220.76 0.035205 389.48 0.025514 348.91 
3 0.002889 289.24 0.002679 214.24 0.005104 300.16 0.005104 245.53 0.057150 301.48 0.067672 220.76 0.035205 389.48 0.025514 348.91 
4 0.002889 289.24 0.002679 214.24 0.005104 300.16 0.005104 245.53 0.057150 301.48 0.067672 220.76 0.035205 389.48 0.025514 348.91 
5 0.002590 160.85 0.002634 160.18 0.004411 130.09 0.004822 177.51 0.054979 166.96 0.053515 166.98 0.076054 136.11 0.035205 260.08 
6 0.002679 158.11 0.002737 156.79 0.004411 130.09 0.004411 130.09 0.065930 164.64 0.058795 164.59 0.076054 136.11 0.076054 136.11 
7 0.002679 158.11 0.002737 156.79 0.004411 130.09 0.004411 130.09 0.065930 164.64 0.058795 164.59 0.076054 136.11 0.076054 136.11 
R 0.002679 158.11 0.002737 156.79 0.004411 130.09 0.004411 130.09 0.065930 164.64 0.058795 164.59 0.076054 136.11 0.076054 136.11 
*unit: rad/m for curvature and kNm for moment 
 
 
�௖௖ = 54.297MPa 
 
Reinforcing 
Steel 
Yield Strength(fsy) (MPa) 297.853 (≈ 300) (1.08fsynominal) and [240, 360] (±20% of mean) 
Elastic Modulus(Es) (MPa) 200000 
Yield Strain(εsy) 0.0015 
Ultimate Strength(fsu)(MPa) Assumed to be 300 (ignoring strain hardening effect) 
Ultimate Strain(εsu) 0.15 
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Table 7- 15: Summary of beams and columns yielding and ultimate flexural moment capacity (based on nominal 
material strengths) (with consideration of axial load on columns) of Frame 1 in Building No.21 
Level 
Beam Column 
Exterior Interior Exterior Interior 
ϕy My ϕy My ϕy My ϕy My 
ϕu Mu ϕu Mu ϕu Mu ϕu Mu 
1 0.002809 323.94 0.002809 323.94 0.006552 487.98 0.006296 386.78 0.054114 343.45 0.054114 343.45 0.015441 513.58 0.016845 447.19 
2 0.002889 289.24 0.002679 214.24 0.006336 459.33 0.006156 369.86 0.057150 301.48 0.067672 220.76 0.017039 499.11 0.017745 436.30 
3 0.002889 289.24 0.002679 214.24 0.006144 434.05 0.006015 352.73 0.057150 301.48 0.067672 220.76 0.018617 484.89 0.018698 424.87 
4 0.002889 289.24 0.002679 214.24 0.005948 408.39 0.005870 335.39 0.057150 301.48 0.067672 220.76 0.020386 469.45 0.019706 412.96 
5 0.002590 160.85 0.002634 160.18 0.005378 227.81 0.005545 254.88 0.054979 166.96 0.053515 166.98 0.041196 244.14 0.022223 321.66 
6 0.002679 158.11 0.002737 156.79 0.005143 202.85 0.005106 198.93 0.065930 164.64 0.058795 164.59 0.049102 216.37 0.050360 211.96 
7 0.002679 158.11 0.002737 156.79 0.004914 179.06 0.004886 176.17 0.065930 164.64 0.058795 164.59 0.057126 189.69 0.058161 186.47 
R 0.002679 158.11 0.002737 156.79 0.004664 154.08 0.004643 152.04 0.065930 164.64 0.058795 164.59 0.066450 162.03 0.067246 159.80 
In Table 7- 14, the column flexural strengths were calculated without taking axial loading into 
consideration, i.e. column strengths under “zero-axial load case”. Also, it was found that G+ΨuQ-E≈0 
for this case (especially for the upper levels), hence, it was assumed the flexural strengths calculated 
under zero axial loading are applicable under the G+ΨuQ-E (i.e. reverse earthquake loading 
combination) loading condition. In Table 7- 15, the column flexural strengths were calculated 
considering G+ΨuQ+E loading combination for exterior columns, and G+ΨuQ combination for 
interior columns. The details of axial loading are shown in Table 7- 16 and Table 7- 17. 
Table 7- 16:  Load combinations for exterior columns of Frame 1 
Table 7- 17:  Load combinations for interior columns of Frame 1 
Level Cum area (m2) G (kN) Ψa (0.5~1) Q (kN) ΨuQ (kN) G+ΨuQ (kN) 1.2G+1.5Q (kN) 
R 17.50 123.85 1.02 0.00 0.00 123.85 148.62 
7 35.01 247.70 0.81 42.38 16.95 264.65 360.80 
6 52.51 371.54 0.71 74.99 30.00 401.54 558.33 
5 70.02 495.39 0.66 103.74 41.50 536.89 750.09 
4 87.52 619.24 0.62 130.37 52.15 671.39 938.65 
3 105.03 743.09 0.59 155.63 62.25 805.34 1125.15 
2 122.53 866.93 0.57 179.92 71.97 938.90 1310.20 
1 140.04 990.78 0.55 203.47 81.39 1072.17 1494.14 
*q=3.0kPa and Ψu=0.4 
The seismic weight per floor was estimated to be 325 tones. 
Level 
Cum 
area 
(m2) 
G 
(kN) Ψa 
Q 
(kN) 
ΨuQ
(kN) 
G 
+ΨuQ 
(kN) 
1.2G 
+1.5Q 
(kN) 
Beam 
Shears 
(kN) 
E-induced 
axial load 
(kN) 
G 
+ΨuQ+
E (kN) 
G 
+ΨuQ-
E (kN) 
R 8.90 70.31 1.31 0.00 0.00 70.31 84.37 64.69 64.69 135.00 5.62 
7 17.79 140.62 1.01 26.69 10.68 151.30 208.78 64.69 129.39 280.69 21.91 
6 26.69 210.93 0.88 47.01 18.81 229.74 323.64 64.69 194.08 423.82 35.66 
5 35.59 281.24 0.80 64.29 25.72 306.96 433.93 77.18 271.26 578.22 35.69 
4 44.49 351.55 0.75 80.05 32.02 383.57 541.94 85.71 356.98 740.55 26.60 
3 53.38 421.86 0.71 94.83 37.93 459.80 648.49 106.58 463.55 923.35 -3.76 
2 62.28 492.18 0.68 108.92 43.57 535.74 753.99 106.58 570.13 1105.88 -34.39 
1 71.18 562.49 0.66 122.49 49.00 611.48 858.72 133.99 704.12 1315.60 -92.64 
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The bilinear moment-curvature curves for all the beams and columns of Frame 1 are shown in the 
following figures. 
  
(a) (b) 
 
 
(c) (d) 
 
 
(e) (f) 
Figure 7- 8: Building No. 21 Frame 1 all levels: (a) Moment-curvature relationship for exterior beams; (b) 
Moment-curvature relationship for interior beams; (c) Moment-curvature relationship for exterior columns 
under zero axial load case (i.e. assumed to be the same for the G+ΨuQ-E load case); (d) Moment-curvature 
relationship for exterior columns under G+ΨuQ+E load case; (e) Moment-curvature relationship for interior 
columns under zero load case; (f) Moment-curvature relationship for interior columns under G+ΨuQ load case 
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7.3.3. Determine Component Shear Capacity and Demand (at Flexural Capacity) 
Beam, column and joint shear capacities and demands were determined following the procedure 
shown from Section 4.6.2.2 to Section 4.6.2.4. 
In Table 7- 18 and Table 7- 19, the calculated beam shear capacities and demands are shown. It is 
worth noting that the least and the largest value of k, i.e. 0.05 and 0.2 respectively, were used to 
calculate the lower and upper bounds of the beam shear capacities. It was found that VBPI is greater 
than VBD, indicating that beam shear capacities meet the required demands, and beam shear failure 
was not be expected. 
Table 7- 18: Exterior beam shear capacity calculation for Frame 1 of Building No.21 
Level fc' (Mpa) 
Bw 
(mm) 
dbeam 
(mm) 
fyt 
(Mpa) 
s 
(mm) 
ds 
(mm) 
Asp 
(mm2) 
Av 
(mm2) 
Lbc 
(m) 
wb 
(kN/
m) 
VBG 
(kN) 
VBPI 
k=0.2 
(kN) 
VBPI 
k=0.05 
(kN) 
VBD 
(kN) 
R (8) 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 64.7 
7 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 64.7 
6 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 64.7 
5 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 65.3 
4 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 106.6 
3 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 106.6 
2 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 258.4 171.1 106.6 
1 24.1 254.0 685.8 275.8 177.8 10 78.5 157.1 6.6 4.4 14.4 287.5 178.4 118.9 
Table 7- 19: Interior beams shear capacity calculation for Frame of Building No.21 
Level fc' (Mpa) 
Bw 
(mm) 
dbeam 
(mm) 
fyt 
(Mpa) 
s 
(mm) 
ds 
(mm) 
Asp 
(mm2) 
Av 
(mm2) 
Lbc 
(m) 
wb 
(kN/
m) 
VBG 
(kN) 
VBPI 
k=0.2 
(kN) 
VBPI 
k=0.05 
(kN) 
VBD 
(kN) 
R (8) 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 54.0 
7 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 54.0 
6 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 54.0 
5 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 66.3 
4 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 83.7 
3 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 83.7 
2 24.1 203.2 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 258.4 171.1 83.7 
1 24.1 254.0 685.8 275.8 177.8 10 78.5 157.1 6.3 4.4 13.9 287.5 178.4 122.2 
In Table 7- 20 and Table 7- 21, the calculated column shear capacities and demands are shown. As 
specified in Section 5.3.2, several assumptions were made in order to simplify the calculation process, 
for instance, ignoring the shear resistance contributed by the axial compression load N*. Like in 
computing the beam shear capacity, the least and the largest value of k, i.e. 0.1 and 0.29, were applied 
to calculate the lower and upper bounds of the shear resisted by concrete mechanism. It was found 
that the level 1 exterior column shear capacities do not meet the required demands; thus, it was 
predicted that exterior column shear failure might occur at the bottom level in a seismic event. For the 
interior columns, when k=0.1 was applied, it was found that the level 1 interior column shear capacity 
do not meet the demand, hence, column shear failure was also expected to occur at the bottom level in 
a seismic event. However, it was calculated that the curvature ductility factors are within the range 
[2.6, 3.4] for the lower level interior columns. By referring to Figure 4- 5 in Section 4.6.2.4, the value 
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of k was estimated to be within the range of [0.176, 0.214] considering biaxial loading and [0.271, 
0.29] considering only uniaxial loading. Hence, when only uniaxial loading was considered, the 
capacity was calculated to be greater than the demand, and no column shear failure was expected. 
When biaxial loading was considered, the capacity was found to be insufficient, and column shear 
failure was expected. 
Table 7- 20: Exterior column shear capacity calculation for Frame 1 of Building No.21 
 
k VCPI kN 
VCD 
kN 
VCD 
noωv 
kN 
0.1 158 63 54 
0.1 158 63 54 
0.1 158 64 54 
0.1 158 90 77 
0.1 208 115 99 
0.1 208 115 99 
0.1 208 123 106 
0.1 208 393 337 
Table 7- 21: Interior column shear capacity calculation for Frame 1 of Building No.21 
Level bc 
mm 
hc 
mm 
ρl α β k Vc kN 
S 
mm 
ds 
mm 
Asp 
mm2 
Av 
mm2 
d”c 
mm 
Vs 
kN 
Vn
kN 
VCPI 
kN 
Lc 
m 
VCD 
kN 
VCD 
no 
ωvkN 
7-R 
(8) 457 457 0.0118 1 0.74 0.21 175 228.6 10 78.5 157.1 419 138 0 225 3.048 126 108 
6-7 457 457 0.0118 1 0.74 0.21 175 228.6 10 78.5 157.1 419 138 0 225 3.048 126 108 
5-6 457 457 0.0118 1 0.74 0.21 175 228.6 10 78.5 157.1 419 138 0 225 3.048 127 96 
4-5 457 457 0.0236 1 0.97 0.28 231 228.6 10 78.5 157.1 419 138 0 266 3.048 164 167 
3-4 457 457 0.0353 1 1.00 0.29 238 228.6 10 78.5 314.2 419 275 0 370 3.048 201 225 
2-3 457 457 0.0353 1 1.00 0.29 238 228.6 10 78.5 314.2 419 275 0 370 3.048 201 225 
1-2 457 457 0.0353 1 1.00 0.29 238 228.6 10 78.5 314.2 419 275 0 370 3.048 231 241 
G-1 457 457 0.0353 1 1.00 0.29 238 228.6 10 78.5 314.2 419 275 0 370 3.048 342 293 
 
k VCPI kN 
VCD 
kN 
VCD  
noωv 
kN 
0.1 158 126 108 
0.1 158 126 108 
0.1 158 127 96 
0.1 158 164 167 
0.1 257 201 225 
0.1 257 201 225 
0.1 257 251 241 
0.1 257 342 293 
In Table 7- 22 and Table 7- 23, the calculated joint shear capacities and demands are shown. The least 
and the largest value of k, i.e. 0.3 and 0.4 for exterior joints, 0.3 and 1.0 for interior joints, were 
applied to compute the lower and upper bounds of the shear capacities. For the exterior joints, it was 
Level bc 
mm 
hc 
mm 
ρl α β k Vc kN 
s 
mm 
ds 
mm 
Asp 
mm2 
Av 
mm2 
d”c 
mm 
Vs 
kN 
Vn
kN 
VCPI 
kN 
Lc 
m 
VCD 
kN 
VCD 
no 
ωvk
N 
7-R 
(8) 457 457 0.012 1 0.74 0.21 175 229 10 78.5 157.1 419 138 0 225 3.048 63 54 
6-7 457 457 0.012 1 0.74 0.21 175 229 10 78.5 157.1 419 138 0 225 3.048 63 54 
5-6 457 457 0.012 1 0.74 0.21 175 229 10 78.5 157.1 419 138 0 225 3.048 64 55 
4-5 457 457 0.012 1 0.74 0.21 175 229 10 78.5 157.1 419 138 0 225 3.048 90 77 
3-4 457 457 0.035 1 1 0.29 238 229 10 78.5 235.6 419 206 0 320 3.048 115 99 
2-3 457 457 0.035 1 1 0.29 238 229 10 78.5 235.6 419 206 0 320 3.048 115 99 
1-2 457 457 0.035 1 1 0.29 238 229 10 78.5 235.6 419 206 0 320 3.048 123 106 
G-1 457 457 0.035 1 1 0.29 238 229 10 78.5 235.6 419 206 0 320 3.048 393 337 
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found that under N(G+ΨuQ-E) and N(=0) axial load conditions, the lower level (i.e. generally level 1 
to 3) joint shear capacities do not meet the required demands; hence, it was expected that joint shear 
failure might occur at lower levels under these loading conditions. For the interior joints, at the lower 
levels, the curvature ductility factors were found to be within the range [2.6, 3.4], and the k value was 
calculated to be within the range of [0.86, 0.94] referring to Figure 4- 4 in Section 4.6.2.3. It was 
found that the joint shear capacity meets the demand at this condition. Hence, no joint shear failure 
was predicted for the interior joints. It is worth noting that this conclusion is not consistent with the 
results from the evaluation of strength hierarchy shown in the following section, which requires 
further investigation and modification of the current SLaMa procedure associated with the 
determination of joint shear capacity. 
Table 7- 22: Exterior joint shear capacity calculation for Frame 1 of Building No.21 
Level fc' Mpa 
bj 
mm 
hc 
mm 
Ag 
mm2 
Lb 
mm 
Lbc 
mm 
hb 
mm 
Lc 
mm 
N*(G
+ΨQ) 
kN 
Vpji 
k=0.4 
kN 
Vpji 
k=0.3 
kN 
ΣMb
kNm 
Vijk
N 
R (8) 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 70 378 290 165 191 
7 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 151 408 320 165 191 
6 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 230 436 346 165 191 
5 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 307 462 370 167 193 
4 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 384 486 392 301 348 
3 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 460 508 413 301 348 
2 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 536 530 433 301 348 
1 24.1 457.2 457.2 209032 7.0 6.6 736.6 3048 611 551 452 343 397 
 
N*(G+
ΨQ+E) 
kN 
Vpji 
k=0.4  
kN 
Vpji 
k=0.3 
kN 
Vijk
N 
 
N*(G+
ΨQ-E)  
kN 
Vpji 
k=0.4 
kN 
Vpji 
k=0.3 
kN 
Vij
kN 
 
N 
Vpji 
k=0.4 
kN 
Vpji 
k=0.3 
kN 
Vij
kN 
136 403 314 191 
 
5 351 264 191 
 
0 349 262 191 
282 453 362 191 
 
21 358 271 191 
 
0 349 262 191 
426 498 404 191 
 
34 363 276 191 
 
0 349 262 191 
580 542 445 193 
 
33 363 276 193 
 
0 349 262 193 
743 585 484 348 
 
24 359 272 348 
 
0 349 262 348 
927 630 524 348 
 
-7 346 259 348 
 
0 349 262 348 
1110 672 562 348 
 
-38 332 245 348 
 
0 349 262 348 
1320 717 602 397 
 
-97 305 217 397 
 
0 349 262 397 
Table 7- 23: Interior joint shear capacity calculation for Frame 1 of Building No.21 
Level fc' Mpa 
bj 
mm 
hc 
mm 
Ag 
mm2 
Lb 
mm 
Lbc 
mm 
hb 
mm 
Lc 
mm 
N*(G
+ΨQ) 
kN 
Vpji 
k=1.0 
kN 
Vpji 
k=0.3 
kN 
ΣMb
kNm 
Vijk
N 
R (8) 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 124 924 310 330 382 
7 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 265 979 357 330 382 
6 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 402 1029 397 330 382 
5 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 537 1077 434 334 386 
4 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 671 1122 467 522 604 
3 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 805 1166 498 522 604 
2 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 939 1208 527 522 604 
1 24.1 457.2 457.2 209032 6.8 6.3 736.6 3048 1072 1248 554 686 793 
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7.3.4. Evaluate Strength Hierarchy at Local Level (i.e. subassembly level) 
In Figure 7- 9, the results of strength hierarchy evaluation are shown for all the joints in Frame 1. It 
was predicted that the exterior joints and the interior joints at higher levels follow the sequence “beam 
flexural hinging – joint shear failure – column flexural hinging” in general, while for the interior 
joints at level 1, level 3 and level 4, the joints tend to have joint shear failure before the occurrence of 
beam and column flexural hinging, in other words, these joints tend to have the sequence “joint shear 
failure – beam flexural hinging – column flexural hinging”.  
In Frame 1 of Building No.21, joints A1 and D1 are corner joints, and, joints B1 and C1 are one-way 
interior joint. It can be expected that “corner joints might represent the critical conditions in building 
frames because of the biaxial input, typically difficult reinforcement detailing problems involved in 
anchoring two orthogonal sets of beam bars in the joint, and the influence of variable axial load. 
Despite this concern, there are almost no test data available for this type of joint” (Priestley, 1997). It 
was indicated in the structural drawings that the deformed transverse reinforcing bars of beams and 
columns were bent into joint core. Hence, it was assumed that a reliable compression strut should 
develop in the joint core, and the principle tensile stress was assumed to be 0.42√fc’ for the exterior 
corner joints (e.g. A1, D1) and one-way joint (e.g. B1, C1). It is worth noting that in Frame 1, there is 
no “true” interior joint, as B1 and C1 are exterior joints along the orthogonal direction; thus the k 
value of 0.42 was applied also to B1 and C1 for conservative purpose. 
The calculation was carried out following the specification in Section 5.3.3 and Section 5.4. 
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(c) (d) 
 
 
(e) (f) 
 
 
(g) (h) 
Figure 7- 9: Strength hierarchy evaluation for joints in Frame 1 of Building No.21: (a) Exterior joints at level 
1; (b) Interior joints at level 1; (c) Exterior joints at level 2&3&4; (d) Interior joints at level 2&3&4; (e) 
Exterior joints at level 5; (f) Interior joints at level 5; (g) Exterior joints at level 6&7&Roof; (h) Interior joints 
at level 6&7&Roof 
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7.3.5. Determine Global Mechanism 
To determine global mechanism, as specified from Section 5.5 to Section 5.6, (1) the current SLaMa; 
(2) the improved SLaMa with evaluation of strength hierarchy and determination of lower and upper 
bounds of lateral load capacity; and (3) the improved SLaMa with evaluation of strength hierarchy 
and Portal Frame Method; were applied to assess Frame 1 of Building No.21. As for the adoption of 
component analysis models and global structure models, due to timeframe constraint and scope of 
thesis, only discussion regarding the application of such models are provided in this section. 
Table 7- 24 and Table 7- 25 provide summaries of differences in the calculation processes of the four 
methods, with descriptions and the computed results shown. More detailed explanations regarding 
each of the methods are shown from Section 7.3.5.1 to Section 7.3.5.4, and in Section 7.3.5.5, a 
comparison among the pushover curves computed from the four methods is shown. In Section 7.3.5.6, 
a comparison between the assessment results and the observed structural damages is presented. 
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Table 7- 24: Comparison of the procedures (in description and without numbers) 
Calculation 
Procedure 
Current SLaMa in 
NZSEE 2006 
Improved SLaMa with 
Evaluation of Strength 
Hierarchy and 
Determination of Lower 
and Upper Bounds of 
Lateral Load Capacity 
Improved SLaMa with 
Evaluation of Strength 
Hierarchy and Portal 
Frame Method 
Adoption of 
Component 
Analysis Models 
and Global 
Structure Models 
FB or DB FB DB DB DB Not applicable 
Predicted 
Mechanism 
Beam 
sidesway 
Beam 
sidesway 
Beam sidesway: upper 
bound 
Column sidesway: lower 
bound 
Mixed sidesway Mixed sidesway 
Displaced 
shape 
required 
No From DDBD 
Procedures from: 
DDBD 
Priestley Seismic Design 
Book 
From Portal Frame 
Method calculation Not applicable 
Effective 
Height Heff 
Current SLaMa 
instructions (Section 
4.6.2.6) and instructions 
from NZSEE 2006 
Section 7.2.4. 
Based on the displaced 
shape calculated 
following the procedure 
in Priestley Seismic 
Design Book and DDBD, ℎ௘௙௙ = ∑௠�∆�ℎ�∑௠�∆�  
Based on the displaced 
shape calculated in Portal 
Frame Method 
Not applicable 
Contribution 
of Σ(NEiLi) 
to the total 
overturning 
moment 
Sum of all end beam 
shears (calculated based 
on beam flexural 
capacities) 
For the beam sidesway: 
Sum of all end beam 
shears (calculated based 
on beam flexural 
capacities) 
For the column sidesway: 
Sum of the end beam 
shears of the levels below 
the level where column 
sway is expected. For 
Frame 1 in Building 
No.21, it should be the 
sum of the end beam 
shears from level 1 to 4, 
as the column sway 
mechanism is expected to 
occur at level 5 
Sum of the beam shears 
depending on the 
mechanism. For Frame 1 
in Building No.21, at 
level 1, 3, and 4, the 
interior joint shear failure 
was predicted to occur 
before occurrence of 
exterior beam hinging. 
Therefore, the beam 
shears at level 1, 3, and 4 
were calculated based on 
the joint equivalent 
moment. Also, since it 
was predicted that column 
sway mechanism occurs 
at level 5, the contribution 
from the beam shears 
above level 5 was 
ignored. 
Should be 
determined 
depending on the 
mechanism, and 
referring to the 
selected structural 
representatives 
Contribution 
of ΣMcoi to 
the total 
overturning 
moment 
Sum of moments for 
column at ground levels 
and the moments should 
be determined based on 
beam flexural capacities 
SAME as left SAME as left 
SAME as left, and 
should refer to the 
selected component 
representatives 
Yielding 
displacement 
Δy 
Current SLaMa 
instructions (Section 
4.6.2.7) 
Procedure in Priestley 
Seismic Design Book SAME as left 
Approximated from 
the computed 
pushover curve 
directly 
Ultimate 
displacement 
Δu 
Current SLaMa 
instructions (Section 
4.6.2.9) 
Procedure in DB,  ∆௨= ∑௠�∆�2∑௠�∆�  SAME as left Approximated from the computed pushover curve directly 
Ductility 
capacity μsc 
From the guidelines 
shown in NZSEE 2006 
Figure 4E.8 (shown in 
Section 4.6.2.8 Figure 4- 
6) 
Or should be determined 
by the formula provided 
in NZSEE 2006 7.2.4 
(summarised in Section 
4.6.2.8 Table 4- 21) 
Determined from �௦௖ = ∆ೠ∆� Determined from �௦௖ = ∆ೠ∆� SAME as left 
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Table 7- 25: Comparison of the procedures (with numbers and showing the percentage of the differences) 
Calculation 
Procedure 
Current SLaMa in 
NZSEE 2006 
Improved SLaMa with 
Evaluation of Strength 
Hierarchy and 
Determination of Lower 
and Upper Bounds of 
Lateral Load Capacity 
Improved SLaMa with 
Evaluation of Strength 
Hierarchy and Portal Frame 
Method 
Adoption of 
Component 
Analysis Model 
and Global 
Structure Model 
FB or DB FB DB DB DB Not applicable 
Predicted 
Mechanism 
Beam 
sidesway 
Beam 
sidesway 
Beam sidesway: upper bound 
Column sidesway: lower bound Mixed sidesway Mixed sidesway 
Displaced 
shape 
required: 
ratio of 
displacement 
at each level 
to the top 
displacement 
 
DBD 
(BS) 
1 
0.91 
0.81 
0.70 
0.58 
0.45 
0.31 
0.16 
 
DBD 
(BS) 
Design 
(BS) 
Design
(5CS) 
1 1 1 
0.91 0.94 0.93 
0.81 0.88 0.85 
0.70 0.74 0.76 
0.58 0.69 0.40 
0.45 0.61 0.30 
0.31 0.53 0.21 
0.16 0.43 0.10 
 
PFM 
(5InCol) 
PFM 
(5InCol) 
1 1 
0.96 0.91 
0.88 0.82 
0.62 0.61 
0.32 0.36 
0.25 0.27 
0.18 0.18 
0.11 0.09 
 
Not applicable 
Effective 
Height Heff 
Current 
SLaMa 
(BS) m 
Current 
NZSEE 
(BS) m 
17.27 14.39 
 
DBD 
(BS) m 
Design 
(BS) m 
Design 
(5CS) m 
16.82 15.52 17.69 
 
PFM 
(5InCol) m 
PFM 
(5InCol) m 
18.10 18.00 
 
Not applicable 
Contribution 
of Σ(NEiLi) 
to the total 
overturning 
moment 
BS (kNm) 
14862 
 
BS (kNm) 5CS (kNm) 
14862 9456 
 
MS (kNm) 
10038 
 
Not applicable 
Contribution 
of ΣMcoi to 
the total 
overturning 
moment 
BS (kNm) 
686 
 
BS (kNm) 5CS (kNm) 
686 686 
 
MS (kNm) 
686 
 
Not applicable 
Base shear 
capacity 
Current 
SLaMa 
(BS) 
(kN) 
Current 
NZSEE 
(BS) 
(kN) 
900 1081 
 
DBD 
(BS) 
(kN) 
Design 
(BS) 
(kN) 
Design 
(5CS) 
(kN) 
924 1002 573 
 
PFM 
(5InCol) 
(kN) 
PFM (yield 
assumption) 
(5InCol) 
(kN) 
593 596 
 
Not applicable 
Yielding 
displacement 
Δy (at Heff 
and at top) 
Current 
SLaMa 
(BS) 
(mm) 
Current 
NZSEE 
(BS) 
(mm) 
109.85 91.50 
155.08 155.08 
 
DBD 
(BS) 
(mm) 
Design 
(BS) 
(mm) 
Design 
(5CS) 
(mm) 
51.14 47.73 53.40 
69.80 69.80 69.80 
 
PFM 
(5InCol) 
(mm) 
PFM (yield 
assumption) 
(5InCol) (mm) 
54.47 54.21 
69.80 69.80 
 
Not applicable 
Ultimate 
displacement 
Δu 
Current 
SLaMa 
(BS) 
(mm) 
Current 
NZSEE 
(BS) 
(mm) 
402.00 383.65 
567.52 650.25 
 
Column 
shear 
failure 
(mm) 
Joint 
shear 
failure 
(mm) 
109.85 219.69 
155.08 310.16 
 
DBD 
(BS) 
(mm) 
Design 
(BS) 
(mm) 
Design 
(5CS) 
(mm) 
216.64 94.96 73.82 
292.68 122.27 96.98 
 
PFM 
(5InCol) 
(mm) 
PFM (yield 
assumption) 
(5InCol) (mm) 
73.06 82.64 
95.71 112.52 
 
Not applicable 
Ductility 
capacity μsc 
Current 
SLaMa 
(BS) 
Current 
NZSEE 
(BS)  
1, 2, 3.67 4.19 
 
DBD 
(BS)  
Design 
(BS)  
Design 
(5CS)  
4.24 1.99 1.38 
 
PFM 
(5InCol)  
PFM (yield 
assumption) 
(5InCol)  
1.34 1.52 
 
Not applicable 
(*NOTE: μsc =1, 2, 3.67 corresponding to different ultimate displacements) 
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7.3.5.1. Current SLaMa 
As explained in Table 7- 24, the detailed calculation procedure is shown in Section 4.6, and the 
calculation results are recorded in Table 7- 25. 
Based on the calculated joint sway potentials that are summarised in Table 7- 26, it was expected that 
hinges might form at the top or bottom of the interior joint regions at level 1, 4, and 7 (i.e. Spij>0.85). 
However, the current SLaMa does not include clarified instructions to take the joint sway potential 
(i.e. “weaker column than beam”) into consideration. Since the storey sway potentials for all levels 
were found to be less than 0.85, beam sidesway mechanism was predicted.  
Table 7- 26: Summary of joint sway potential and storey sway potential 
Level Spij (sway potential at joint on column i at level j) Spjk (Storey Sway Potential) Exterior Joint A1 Interior Joint B1 Interior Joint C1 Exterior Joint D1 
7 0.47 0.95 0.73 0.47 0.65 
6 0.41 0.83 0.64 0.41 0.57 
5 0.36 0.62 0.63 0.36 0.50 
4 0.42 0.71 0.93 0.43 0.63 
3 0.32 0.63 0.82 0.32 0.51 
2 0.31 0.61 0.80 0.31 0.49 
1 0.34 0.89 0.89 0.44 0.62 
It was predicted that for the ground level columns and the lower level exterior joints, the shear 
capacities are insufficient to meet the required demands; hence, column shear failure or joint shear 
failure were expected to occur at the bottom or other lower level. According to Figure 4- 6 in Section 
4.6.2.8 (i.e. NZSEE 2006 Figure 4E.8), the ductility capacity was estimated to be 1 for column shear 
failure situation, 2 for joint shear failure situation and 3.67 calculated for beam hinging mechanisms. 
Therefore, the ultimate displacements estimated were different depending on the ductility determined, 
as shown in Figure 7- 10. 
The pushover curves computed by applying the procedure stated in the current SLaMa and NZSEE 
2006 are shown in Figure 7- 10. The findings listed below confirm the limitations or shorcomings of 
the current SLaMa mentioned in previous chapters, hence, confirm the need of modification and 
improvement. 
 The determination of effective height is not clarified: NZSEE 2006 Section 7.2.4 and SLaMa 
procedure from NZSEE 2006 Appendix 4E provide different approaches to determine 
effective height. The formula to determine effective height of a frame structure from NZSEE 
2006 Section 7.2.4 (see Section 4.6.2.6) gave a lower estimation, hence, a higher lateral load 
capacity was computed. 
 No difference in the computed results was found by applying force-based approach and 
displacement-based approach. This is due to the reason that the current SLaMa lacks clarified 
instructions of determining displaced shape in displacement-base approach; hence, the 
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effective height was not properly estimated. The same effective height computed in force-
based approach was applied when using displacement-based approach. 
 The base shear capacities corresponding to different mechanisms were found to be the same. 
This is due to the reason that the current SLaMa lacks correct estimation of the axial load 
induced overturning moment contribution to the overall overturning moment. 
 The displacement capacities were found to be overestimated. 
 
Figure 7- 10: Building No.21 Frame 1 pushover curve by the current SLaMa method 
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7.3.5.2. Determine Lower and Upper Bounds of Lateral Load Capacity 
The detailed calculation procedure to determine lower and upper bounds of lateral load capacity is 
shown in Section 5.5.1, and the calculation results are recorded in Table 7- 25. 
 
Figure 7- 11: Building No.21 Frame 1 pushover curve upper and lower bounds by the improved SLaMa 
The computed lower (i.e. blue) and upper (red) bounds are shown in Figure 7- 11, and the findings are 
listed as following: 
 The adoption of displaced-shape of a frame with beam sidesway mechanism from DDBD 
gave a lower lateral load capacity and higher ultimate displacement (i.e. the red straight 
curve), compared to the results generated from the procedure in Seismic Design of Reinforced 
Concrete and Masonry Building (Paulay, T. and Priestley, M.J.N.) (i.e. the red dot line). The 
displacements for all levels, corresponding to the two mechanisms – beam sidesway 
mechanism and column sidesway mechanism at level 5, were calculated from the Seismic 
Design of Reinforced Concrete and Masonry Building procedure. The calculated 
displacements are recorded in the following table (Table 7- 27). 
Table 7- 27: Calculated displacements of all levels for beam sidesway and column sidesway mechanism 
Level Displacement from the Design procedure (BS-beam sidesway mechanism) (m) 
Displacement from the Design procedure 
(5CS-column sidesway mechanism at level 5) (m) 
8 0.122 0.097 
7 0.115 0.090 
6 0.107 0.082 
5 0.090 0.074 
4 0.085 0.039 
3 0.074 0.029 
2 0.065 0.020 
1 0.053 0.010 
DB: beam sidesway 
mechanism with DDBD 
proposed displaced shape 
DB: beam sidesway 
mechanisms with 
calculated displaced 
shape 
DB: column sidesway at 
level 5 with calculated 
displaced shape 
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 The yielding displacement of the frame was calculated by ∆�= ௟�2଺ ∑ ��௖௜௡ଵ =69.8mm at the top 
level, independent of mechanisms. 
 Based on the understanding of the structure, it was expected that the frame was most likely to 
subject to column sway mechanism at level 5 with joints failure at lower levels. Therefore, it 
was predicted that the pushover over curve should be within the range of upper and lower 
bounds, and should be more close to the lower bound. 
7.3.5.3. Determine Sequence of Mechanisms by Applying Portal Frame Method 
Following the procedure stated in Section 5.5.2, the sequence of mechanisms determined for Frame 1 
of Building No.21 is recorded in Table 7- 28. 
Table 7- 28: Sequence of mechanisms determined by Portal Frame method 
Level Mechanism 
Storey 
Shear 
(kN) 
Base 
Shear 
(kN) 
Local 
displacement 
(mm) 
Global 
displacement 
(mm) 
Global 
displacement 
with yield state 
assumption 
(mm) 
Level 5 Beam yield (structure "First Yield" state) 313 434 2.94 23.52   
Level 2 Interior beam flexural hinging 437 449 5.69 26.27   
Level 5 Exterior beam flexural hinging 325 450 3.05    
Level 5 Interior beam flexural hinging 331 458 5.63 28.95   
Level 3 Interior beam flexural hinging 437 477 5.83 31.84   
Level 4 Interior beam flexural hinging 437 524 5.98 34.89   
Level 6 Beam yield 308 528 3.10    
Level 6 Exterior beam flexural hinging 321 550 3.23    
Level 6 Interior beam flexural hinging 326 558 6.54 38.49   
Level 2 Beam yield 563 579 3.09    
Level 2 Exterior beam flexural hinging 587 604 3.22    
Level 2 Joint shear failure 594 611 
 
   
Level 3 Beam yield 563 614 3.17    
Level 3 Joint  shear failure 567 619 
 
   
Level 1 Joint shear failure 620 620 
 
41.38   
Level 1 Beam yield 631 631 3.37    
Level 3 Exterior beam flexural hinging 587 640 3.30    
Level 4 Joint shear failure 539 646 
 
42.63   
Level 1 Exterior beam flexural hinging 669 669 3.57    
Level 4 Beam yield 563 676 3.26    
Level 1 Interior beam flexural hinging 680 680 8.66 44.20   
Level 4 Exterior beam flexural hinging 587 704 3.40    
Level 6 Interior column flexural hinging 420 719 20.91 58.57   
Level 5 Joint shear failure 520 721 
 
58.66   
Level 7 Beam yield 308 739 3.36    
Level 7 Exterior beam flexural hinging 321 769 3.50    
Level 7 Interior beam flexural hinging 326 782 7.07 62.70 71.52 
Level 6 Joint shear failure 476 816 
 
69.18   
Level 5 Interior column flexural hinging 637 882 24.60 81.67 99.14 
Level 1 Interior column flexural hinging 885 885 17.15 90.16 107.35 
Level 7 Interior column flexural hinging 369 886 21.26 104.36 119.68 
Level 2 Interior column flexural hinging 864 888 18.45 117.12 129.19 
Level 3 Interior column flexural hinging 841 917 19.91 124.62 140.16 
Level 4 Interior column flexural hinging 817 981 21.57 140.21 152.80 
Level 7 Joint shear 441 1057 
 
  
Level 5 Exterior column flexural hinging 951 1316 19.62   
Level 5 Column Shear failure 982 1359 
 
  
Level 1 Column Shear failure 1379 1379 
 
  
Level R Beam yield 308 1385 3.71   
Level 2 Column Shear failure 1379 1419 
 
  
Level R Interior column flexural hinging 316 1423 21.32   
Level R Exterior beam flexural hinging 321 1443 3.86   
Level 6 Exterior column flexural hinging 843 1444 20.81   
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Level R Interior beam flexural hinging 326 1466 0.00   
Level 3 Column Shear failure 1379 1505 
 
  
Level 6 Column Shear failure 901 1544 
 
  
Level 4 Column Shear failure 1379 1655 
 
  
Level 7 Exterior column flexural hinging 739 1773 21.24   
Level R Joint shear joint 401 1804 
 
  
Level 2 Exterior column flexural hinging 1944 1999 14.37   
Level 1 Exterior column flexural hinging 2000 2000 12.65   
Level 3 Exterior column flexural hinging 1888 2060 16.21   
Level 7 Column Shear failure 901 2162 
 
  
Level 4 Exterior column flexural hinging 1828 2194 18.49   
Level R Exterior column flexural hinging 631 2840 21.32   
Level R Column Shear failure 901 4054 
 
  
(NOTE*: The deformation due to shear type of mechanisms was not appropriately estimated. In order to plot 
the lateral loads corresponding to the shear mechanisms, linear interpolation was applied to approximate the 
displacements.) 
Appendix A11 provides summaries of calculation of global displacement and displaced ratio 
following the sequence of mechanisms determined from Portal Frame Method. Figure 7- 12 and 
Figure 7- 13 illustrate the development of displaced shapes following the sequence of mechanisms, 
and the computed pushover curves with the sequence of mechanisms are shown in Figure 7- 14 (i.e. 
light green and dark green polygonal lines). 
From the computed results, the sequence of mechanisms for Building No.21 Frame 1 can be described 
as: beam flexural hinging – joint shear damage – interior column flexural hinging – exterior column 
flexural hinging – column shear damage. It is worth noting that not all these mechanisms can develop, 
and the joint shear damage or/and interior column flexural hinging may trigger partial or total failure 
of the structure before forming of the later mechanisms. The determination of the potential failure 
mechanism is vital; otherwise, the lateral load capacity may be overestimated. For this frame, it was 
assumed that the mechanism “Level 5 Interior Column Hinging” (the largest interstorey drift 
calculated corresponding to this mechanism, but was found to be less than ULS of 2.5%) might lead 
to a partial failure of the structural. The displaced shape calculated corresponding to this mechanism 
was applied in the displacement-based assessment approach to compute a bilinear pushover curve, 
shown in Figure 7- 14 (i.e. light green and dark green bi-linear curves). However, it has been 
discovered that the application of the displaced shapes provided lower base shear capacities but higher 
displacement capacities. It can be inferred that the bi-linear curves should be more close to the actual 
response of the structures, for the reasons listed below: 
 In calculating local storey displacements, the deformation due to shear type of mechanisms 
was not properly determined. Hence, the displacement capacity was underestimated.  
 As mentioned previously, shown in Figure 7- 14, linear interpolation was applied in order to 
plot the shear mechanisms on the pushover curve. As a result, the base shears at the 
displacement ranges where interpolations were applied were overestimated. 
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 Though the displaced-shapes (i.e. in terms of ratios) were calculated from local storey 
displacements, less error might exist compared to applying the local displacements directly in 
the determination of global displacements. Therefore, it was expected that the approach of 
using the displaced-shapes might give more accurate results. However, this should be verified 
by numerical modelling, see Chapter 8. 
It is also worth noting that the approach with the “yield state” assumption tends to overestimate the 
displacement capacity, for the reason that the assumed linear profile under “yield state” was 
hypothetical, and was overestimated. As a consequence, with the successive addition of displacement 
from the lateral loading after the “yield state”, the ultimate displacement was overestimated. 
 
Figure 7- 12: Displaced shapes computed following the sequence of mechanisms determined from Portal Frame 
Method 
 
Figure 7- 13: Displaced shapes computed following the sequence of mechanisms determined from Portal Frame 
Method with a generalised “Yield State” assumption 
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Figure 7- 14: Building No.21 Frame 1 pushover curve with sequence of mechanisms by the improved SLaMa 
with Evaluation of Strength Hierarchy and Portal Frame Method 
 
7.3.5.4. Adopt Component Analysis Model and Global Structure Model  
Since the current New Zealand guidelines do not include any specifications regarding the component 
analysis model nor global structure model, the first step of applying this approach is to generate such 
models. Due to timeframe constraint and scope of thesis, only the procedures are discussed without 
computing the models, see Section 5.3.3. 
7.3.5.5. Comparison among the Computed Pushover Curves 
From Figure 7- 15 with pushover curves from different approaches shown, the following conclusions 
can be drawn: 
 The findings confirm the limitations of the current SLaMa. The current SLaMa tends to 
overestimate base shear capacity and displacement capacity. 
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lower and upper bounds. It is confirmed that the structure was expected to subject to a mixed 
failure mechanism but more close to a column sidesway mechanism.  
 The analytical results should be verified by numerical modelling, see Chapter 8. 
 
Figure 7- 15: Pushover curves from (1) Current SLaMa (2) Improved SLaMa with Evaluation of Strength 
Hierarchy and Determination of Lower and Upper Bounds of Lateral Load Capacity (3) Improved SLaMa with 
Evaluation of Strength Hierarchy and Portal Frame Method 
SLaMa FB&DB: beam 
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interior beam-column joint 
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7.3.5.6. Comparison of Assessment Results and the Observed Damages 
Frame A and D were also assessed by the current and the improved SLaMa approaches. Since it has 
been found that similar results were computed, the details are not shown in thesis. 
The details of observed damages are shown in Section 7.1.4. From comparison between the 
assessment results and the observed damages, the following findings were obtained. 
 Beam flexural hinging was predicted in the assessment, by both the current and the improved 
assessment procedures. 
 The severe short column failure at level 1 was not predicted in the assessment, for the reason 
that the interaction between the columns and the deep nonstructural components were not 
considered in the assessment. 
 Joint shear failure was properly predicted by the improved assessment procedures. 
 The column sidesway mechanism at level 5 predicted by the improved assessment procedures 
was not observed in the structure. More investigation should be done regarding comparing the 
capacity to the seismic demand (Section 9.3). 
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7.4. Discussion 
7.4.1. Influence of Material Strength Variation 
As discussed in previous sections (Section 7.3.1 and Section 7.3.2), the nominal material strengths 
were applied, and the capacities given in Section 7.3.5 were computed as the lower bounds. In this 
section, the calculation results based on the probable material strengths shown in Table 7- 13 are 
presented, and the impacts on assessment results due to the variation of material strength are 
discussed. 
7.4.1.1. Component Flexural Capacity 
Table 7- 29: Comparison of beams flexural capacities calculated with nominal material strengths and probable 
material strengths (without consideration of axial load on columns) of Frame 1 in Building No.21 
Level 
Beams (nominal material strengths) Beams (probable material strengths) Ratio of Change 
Exterior Interior Exterior Interior Exterior Interior 
ϕy My ϕy My ϕy My ϕy My ϕy My ϕy My 
ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu 
1 0.002809 323.94 0.002809 323.94 0.002984 350.58 0.002984 350.58 6.23% 8.22% 6.23% 8.22% 0.054114 343.45 0.054114 343.45 0.05696 373.04 0.05696 373.04 5.26% 8.62% 5.26% 8.62% 
2 0.002889 289.24 0.002679 214.24 0.003062 312.99 0.002855 231.66 5.99% 8.21% 6.57% 8.13% 0.05715 301.48 0.067672 220.76 0.060383 326.92 0.070315 239.68 5.66% 8.44% 3.91% 8.57% 
3 0.002889 289.24 0.002679 214.24 0.003062 312.99 0.002855 231.66 5.99% 8.21% 6.57% 8.13% 0.05715 301.48 0.067672 220.76 0.060383 326.92 0.070315 239.68 5.66% 8.44% 3.91% 8.57% 
4 0.002889 289.24 0.002679 214.24 0.003062 312.99 0.002855 231.66 5.99% 8.21% 6.57% 8.13% 0.05715 301.48 0.067672 220.76 0.060383 326.92 0.070315 239.68 5.66% 8.44% 3.91% 8.57% 
5 0.00259 160.85 0.002634 160.18 0.002757 174.17 0.002798 173.58 6.45% 8.28% 6.23% 8.37% 0.054979 166.96 0.053515 166.98 0.059081 182.43 0.059089 182.43 7.46% 9.27% 10.42% 9.25% 
6 0.002679 158.11 0.002737 156.79 0.002846 171.25 0.002899 170.04 6.23% 8.31% 5.92% 8.45% 0.06593 164.64 0.058795 164.59 0.07184 179.07 0.068288 179.09 8.96% 8.76% 16.15% 8.81% 
7 0.002679 158.11 0.002737 156.79 0.002846 171.25 0.002899 170.04 6.23% 8.31% 5.92% 8.45% 0.06593 164.64 0.058795 164.59 0.07184 179.07 0.068288 179.09 8.96% 8.76% 16.15% 8.81% 
R 0.002679 158.11 0.002737 156.79 0.002846 171.25 0.002899 170.04 6.23% 8.31% 5.92% 8.45% 0.06593 164.64 0.058795 164.59 0.07184 179.07 0.068288 179.09 8.96% 8.76% 16.15% 8.81% 
(*unit: rad/m for curvature and kNm for moment) 
 
Table 7- 30: Comparison of columns flexural capacities calculated with nominal material strengths and 
probable material strengths (without consideration of axial load on columns) of Frame 1 in Building No.21 
Level 
Column (nominal material strengths) Column (probable material strengths) Ratio of Change 
Exterior Interior Exterior Interior Exterior Interior 
ϕy My ϕy My ϕy My ϕy My ϕy My ϕy My 
ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu 
1 0.005104 300.16 0.005104 245.53 0.005399 326.85 0.005399 269.11 5.78% 8.89% 5.78% 9.60% 0.035205 389.48 0.025514 348.91 0.044001 426.7 0.0309307 395.14 24.99% 9.56% 21.23% 13.25% 
2 0.005104 300.16 0.005104 245.53 0.005399 326.89 0.005399 269.11 5.78% 8.91% 5.78% 9.60% 0.035205 389.48 0.025514 348.91 0.044001 426.7 0.030931 395.14 24.99% 9.56% 21.23% 13.25% 
3 0.005104 300.16 0.005104 245.53 0.005399 326.89 0.005399 269.11 5.78% 8.91% 5.78% 9.60% 0.035205 389.48 0.025514 348.91 0.044001 426.7 0.030931 395.14 24.99% 9.56% 21.23% 13.25% 
4 0.005104 300.16 0.005104 245.53 0.005399 326.89 0.005399 269.11 5.78% 8.91% 5.78% 9.60% 0.035205 389.48 0.025514 348.91 0.044001 426.7 0.030931 395.14 24.99% 9.56% 21.23% 13.25% 
5 0.004411 130.09 0.004822 177.51 0.004683 141.05 0.005105 194.23 6.17% 8.42% 5.87% 9.42% 0.076054 136.11 0.035205 260.08 0.084753 149.51 0.045495 287.45 11.44% 9.84% 29.23% 10.52% 
6 0.004411 130.09 0.004411 130.09 0.004683 141.05 0.004683 141.05 6.17% 8.42% 6.17% 8.42% 0.076054 136.11 0.076054 136.11 0.084754 149.51 0.084754 149.51 11.44% 9.84% 11.44% 9.84% 
7 0.004411 130.09 0.004411 130.09 0.004683 141.05 0.004683 141.05 6.17% 8.42% 6.17% 8.42% 0.076054 136.11 0.076054 136.11 0.084754 149.51 0.084754 149.51 11.44% 9.84% 11.44% 9.84% 
R 0.004411 130.09 0.004411 130.09 0.004683 141.05 0.004683 141.05 6.17% 8.42% 6.17% 8.42% 0.076054 136.11 0.076054 136.11 0.084754 149.51 0.084754 149.51 11.44% 9.84% 11.44% 9.84% 
Thesis Page 222 
 
Table 7- 31: Comparison of columns flexural capacities calculated with nominal material strengths and 
probable material strengths (with consideration of axial load on columns) of Frame 1 in Building No.21 
Level 
Column (nominal material strengths) Column (probable material strengths) Ratio of Change 
Exterior Interior Exterior Interior Exterior Interior 
ϕy My ϕy My ϕy My ϕy My ϕy My ϕy My 
ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu ϕu Mu 
1 0.006552 487.98 0.006296 386.78 0.006738 518.32 0.006502 414.19 2.84% 6.22% 3.27% 7.09% 0.015441 513.58 0.016845 447.19 0.020249 590.85 0.020678 513.48 31.14% 15.05% 22.75% 14.82% 
2 0.006336 459.33 0.006156 369.86 0.006538 489.06 0.006373 396.77 3.19% 6.47% 3.53% 7.28% 0.017039 499.11 0.017745 436.3 0.021984 571.33 0.021575 500.66 29.02% 14.47% 21.58% 14.75% 
3 0.006144 434.05 0.006015 352.73 0.006361 463.24 0.006241 379.15 3.53% 6.73% 3.76% 7.49% 0.018617 484.89 0.018698 424.87 0.023654 553.57 0.022517 487.54 27.06% 14.16% 20.42% 14.75% 
4 0.005948 408.39 0.00587 335.39 0.00618 437.05 0.006108 361.32 3.90% 7.02% 4.05% 7.73% 0.020386 469.45 0.019706 412.96 0.025484 535.27 0.023503 474.14 25.01% 14.02% 19.27% 14.81% 
5 0.005378 227.81 0.005545 254.88 0.005575 240.41 0.005773 273.51 3.66% 5.53% 4.11% 7.31% 0.041196 244.14 0.022223 321.66 0.051712 259.66 0.028234 372.82 25.53% 6.36% 27.05% 15.90% 
6 0.005143 202.85 0.005106 198.93 0.005359 214.93 0.005324 210.93 4.20% 5.96% 4.27% 6.03% 0.049102 216.37 0.05036 211.96 0.059046 230.84 0.060278 226.33 20.25% 6.69% 19.69% 6.78% 
7 0.004914 179.06 0.004886 176.17 0.005147 190.7 0.005121 187.76 4.74% 6.50% 4.81% 6.58% 0.057126 189.69 0.058161 186.47 0.066824 203.65 0.067816 200.38 16.98% 7.36% 16.60% 7.46% 
R 0.004664 154.08 0.004643 152.04 0.004917 165.32 0.004897 163.26 5.42% 7.29% 5.47% 7.38% 0.06645 162.03 0.067246 159.8 0.075701 175.65 0.076453 173.4 13.92% 8.41% 13.69% 8.51% 
As shown in Table 7- 29, Table 7- 30, and Table 7- 31, flexural capacities of beams and columns from 
Frame 1 of Building No.21 calculated based on nominal material strengths and probable material 
strengths are presented, with or without the consideration of axial load on columns. The bilinear 
moment-curvature curves for the beams and columns are shown in the following figures (Figure 7- 
16). It has been found that compared to the flexural moments calculated with the application of 
nominal material strengths (Figure 7- 8), yielding and ultimate moments of all sections calculated 
with the application of probable material strengths were found to be 2% ~ 10% larger without the 
consideration of axial load, and 6% ~ 15% larger with the consideration of axial load (for column 
sections). This is consistent with anticipation that the beams and columns would be “stiffer” (i.e. 
higher strength) with higher material strengths. It was found that beam curvatures and column 
yielding curvatures are subjected to generally less significant increases of 5% ~ 9% , while column 
ultimate curvatures are subjected to more significant increases of 11% ~ 31%  
It is worth noting that according to NZSEE 2006, shown in Table 3- 34 (Section 3.3.4.1) and Table 3- 
37 (Section 3.3.4.2) and Section 7.3.2, the probable component strengths are estimated using the 
provided formula Mprobable=1.08Mnominal (Mnominal calculated based on nominal material strengths). In 
Table 7- 32 and Table 7- 33, component probable strengths approximated according to the provided 
formula and component strengths calculated with the application of probable material strengths are 
presented. It was found the two procedures generate 0% ~7% differences. It can be suggested that the 
factor of 1.08 should be well explained in the assessment guidelines in order to give better 
approximation of component probable strengths. 
 
 
Thesis Page 223 
 
 
Table 7- 32: Estimation of beam probable strength 
Level 
Beam (probable material strengths) Beam (from NZSEE2006 specification) Ratio of Change (%) 
Exterior Interior Exterior Interior Exterior Interior 
My My My My My My 
Mu Mu Mu Mu Mu Mu 
1 350.58 350.58 349.86  349.86  0.21% 0.21% 373.04 373.04 370.93  370.93  0.57% 0.57% 
2 312.99 231.66 312.38  231.38  0.20% 0.12% 326.92 239.68 325.60  238.42  0.41% 0.53% 
3 312.99 231.66 312.38  231.38  0.20% 0.12% 326.92 239.68 325.60  238.42  0.41% 0.53% 
4 312.99 231.66 312.38  231.38  0.20% 0.12% 326.92 239.68 325.60  238.42  0.41% 0.53% 
5 174.17 173.58 173.72  172.99  0.26% 0.34% 182.43 182.43 180.32  180.34  1.17% 1.16% 
6 171.25 170.04 170.76  169.33  0.29% 0.42% 179.07 179.09 177.81  177.76  0.71% 0.75% 
7 171.25 170.04 170.76  169.33  0.29% 0.42% 179.07 179.09 177.81  177.76  0.71% 0.75% 
R 171.25 170.04 170.76  169.33  0.29% 0.42% 179.07 179.09 177.81  177.76  0.71% 0.75% 
Table 7- 33: Column probable strength (without consideration of axial load on columns) 
Level 
Without consideration of axial load With consideration of axial load 
Column (probable 
material strengths) 
Column (from 
NZSEE2006 
specification) 
Ratio of Change Column (probable 
material strengths) 
Column(from 
NZSEE2006 
specification) 
Ratio of Change 
Exterior Interior Exterior Interior Exterior Interior Exterior Interior Exterior Interior Exterior Interior 
My My My My My My My My My My My My 
Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu 
1 326.85 269.11 324.17 265.17 0.83% 1.48% 518.32 414.19 527.02 417.72 -1.65% -0.85% 426.7 395.14 420.64 376.82 1.44% 4.86% 590.85 513.48 554.67 482.97 6.52% 6.32% 
2 326.89 269.11 324.17 265.17 0.84% 1.48% 489.06 396.77 496.08 399.45 -1.41% -0.67% 426.7 395.14 420.64 376.82 1.44% 4.86% 571.33 500.66 539.04 471.20 5.99% 6.25% 
3 326.89 269.11 324.17 265.17 0.84% 1.48% 463.24 379.15 468.77 380.95 -1.18% -0.47% 426.7 395.14 420.64 376.82 1.44% 4.86% 553.57 487.54 523.68 458.86 5.71% 6.25% 
4 326.89 269.11 324.17 265.17 0.84% 1.48% 437.05 361.32 441.06 362.22 -0.91% -0.25% 426.7 395.14 420.64 376.82 1.44% 4.86% 535.27 474.14 507.01 446.00 5.57% 6.31% 
5 141.05 194.23 140.50 191.71 0.39% 1.31% 240.41 273.51 246.03 275.27 -2.29% -0.64% 149.51 287.45 147.00 280.89 1.71% 2.34% 259.66 372.82 263.67 347.39 -1.52% 7.32% 
6 141.05 141.05 140.50 140.50 0.39% 0.39% 214.93 210.93 219.08 214.84 -1.89% -1.82% 149.51 149.51 147.00 147.00 1.71% 1.71% 230.84 226.33 233.68 228.92 -1.22% -1.13% 
7 141.05 141.05 140.50 140.50 0.39% 0.39% 190.7 187.76 193.38 190.26 -1.39% -1.32% 149.51 149.51 147.00 147.00 1.71% 1.71% 203.65 200.38 204.87 201.39 -0.59% -0.50% 
R 141.05 141.05 140.50 140.50 0.39% 0.39% 165.32 163.26 166.41 164.20 -0.65% -0.57% 149.51 149.51 147.00 147.00 1.71% 1.71% 175.65 173.4 174.99 172.58 0.38% 0.47% 
 
 
  
Thesis Page 224 
 
 
 
(a) (b) 
 
 
(c) (d) 
 
(e) (f) 
Figure 7- 16: Building No. 21 Frame 1 all levels applying probable strength: (a) Moment-curvature 
relationship for exterior beams; (b) Moment-curvature relationship for interior beams; (c) Moment-curvature 
relationship for exterior columns under zero axial load case (i.e. assumed to be the same for the G+ΨuQ-E load 
case); (d) Moment-curvature relationship for exterior columns under G+ΨuQ+E load case; (e) Moment-
curvature relationship for interior columns under zero load case; (f) Moment-curvature relationship for interior 
columns under G+ΨuQ load case  
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7.4.1.2. Component Shear Capacity and Demand (at Flexural Capacity) 
Table 7- 34: Comparison of exterior beam shear capacities calculated with nominal material strengths and 
probable material strengths 
Level VBPI k=0.2 (kN) 
VBPI k=0.05 
(kN) VBD (kN) 
VBPI k=0.2 
(kN) VBPI k=0.05 (kN) VBD (kN) Ratio of Change 
R (8) 258.4 171.1 64.7 295.92 189.03 68.98 14.52% 10.48% 6.62% 
7 258.4 171.1 64.7 295.92 189.03 68.98 14.52% 10.48% 6.62% 
6 258.4 171.1 64.7 295.92 189.03 68.98 14.52% 10.48% 6.62% 
5 258.4 171.1 65.3 295.92 189.03 70 14.52% 10.48% 7.20% 
4 258.4 171.1 106.6 295.92 189.03 114.01 14.52% 10.48% 6.95% 
3 258.4 171.1 106.6 295.92 189.03 114.01 14.52% 10.48% 6.95% 
2 258.4 171.1 106.6 295.92 189.03 114.01 14.52% 10.48% 6.95% 
1 287.5 178.4 118.9 331.56 197.93 128.06 15.33% 10.95% 7.70% 
Table 7- 35: Comparison of interior beam shear capacities calculated with nominal material strengths and 
probable material strengths 
Level VBPI k=0.2 (kN) 
VBPI k=0.05 
(kN) VBD (kN) 
VBPI k=0.2 
(kN) VBPI k=0.05 (kN) VBD (kN) Ratio of Change 
R (8) 258.4 171.1 54 295.92 189.03 70.45 14.52% 10.48% 30.46% 
7 258.4 171.1 54 295.92 189.03 70.45 14.52% 10.48% 30.46% 
6 258.4 171.1 54 295.92 189.03 70.45 14.52% 10.48% 30.46% 
5 258.4 171.1 66.3 295.92 189.03 71.51 14.52% 10.48% 7.86% 
4 258.4 171.1 83.7 295.92 189.03 89.57 14.52% 10.48% 7.01% 
3 258.4 171.1 83.7 295.92 189.03 89.57 14.52% 10.48% 7.01% 
2 258.4 171.1 83.7 295.9246 189.03 89.57 14.52% 10.48% 7.01% 
1 287.5 178.4 122.2 331.56 197.93 131.66 15.33% 10.95% 7.74% 
Table 7- 36: Comparison of exterior column shear capacities calculated with nominal material strengths and 
probable material strengths 
             
Ratio of Change 
(%) 
Level Vc (kN) Vs (kN) 
VCPI 
(kN) 
VCPI 
(kN) 
(k=0.1) 
VCD 
(kN) 
VCD no 
ωv (kN) Vc (kN) 
Vs 
(kN) 
VCPI 
(kN) 
VCPI 
(kN) 
(k=0.1) 
VCD (kN) VCD no ωv (kN) 
VCPI 
(kN) 
VCD 
(kN) 
R (8) 175 138 225 158 63 54 215 149 262 179 69 59 16.44% 9.52% 
7 175 138 225 158 63 54 215 149 262 179 69 59 16.44% 9.52% 
6 175 138 225 158 64 55 215 149 262 179 69 59 16.44% 7.81% 
5 175 138 225 158 90 77 215 149 262 179 97 84 16.44% 7.78% 
4 238 206 320 208 115 99 292 223 371 233 125 107 15.94% 8.70% 
3 238 206 320 208 115 99 292 223 371 233 125 107 15.94% 8.70% 
2 238 206 320 208 123 106 292 223 371 233 134 115 15.94% 8.94% 
1 238 206 320 208 393 337 292 223 371 233 452 388 15.94% 15.01% 
Table 7- 37: Comparison of interior column shear capacities calculated with nominal material strengths and 
probable material strengths 
             
Ratio of Change 
(%) 
Level Vc (kN) Vs (kN) 
VCPI 
(kN) 
VCPI 
(kN) 
(k=0.1) 
VCD 
(kN) 
VCD no 
ωv (kN) Vc (kN) 
Vs 
(kN) 
VCPI 
(kN) 
VCPI 
(kN) 
(k=0.1) 
VCD 
(kN) 
VCD no 
ωv (kN) 
VCPI 
(kN) 
VCD 
(kN) 
R (8) 175 138 225 158 126 108 215 149 262 179 137 118 16.44% 8.73% 
7 175 138 225 158 126 108 215 149 262 179 137 118 16.44% 8.73% 
6 175 138 225 158 127 96 215 149 262 179 138 119 16.44% 8.66% 
5 231 138 266 158 164 167 283 149 311 179 178 153 16.92% 8.54% 
4 238 275 370 257 201 225 292 297 424 286 217 186 14.59% 7.96% 
3 238 275 370 257 201 225 292 297 424 286 217 186 14.59% 7.96% 
2 238 275 370 257 231 241 292 297 424 286 251 215 14.59% 8.66% 
1 238 275 370 257 342 293 292 297 424 286 393 337 14.59% 14.91% 
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Table 7- 38: Comparison of exterior joint shear capacities calculated with nominal material strengths and 
probable material strengths 
 
Axial Load N*(G+ΨQ) N*(G+ΨQ+E) N*(G+ΨQ-E) N*=0 
Vij (kN) 
 
Level Vpji k=0.4 (kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4  
(kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4 
(kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4 
(kN) 
Vpji k=0.3 
(kN) 
 
R (8) 378 290 403 314 351 264 349 262 191 
 
7 408 320 453 362 358 271 349 262 191 
 
6 436 346 498 404 363 276 349 262 191 
 
5 462 370 542 445 363 276 349 262 193 
 
4 486 392 585 484 359 272 349 262 348 
 
3 508 413 630 524 346 259 349 262 348 
 
2 530 433 672 562 332 245 349 262 348 
 
1 551 452 717 602 305 217 349 262 397 
 
Axial Load N*(G+ΨQ) N*(G+ΨQ+E) N*(G+ΨQ-E) N*=0 
Vij (kN) 
 
Level Vpji k=0.4 (kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4  
(kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4 
(kN) 
Vpji k=0.3 
(kN) 
Vpji k=0.4 
(kN) 
Vpji k=0.3 
(kN) 
 
R (8) 456 349 482 374 430 323 428 321 207 
 
7 488 380 534 424 436 329 428 321 207 
 
6 516 407 581 468 442 335 428 321 207 
 
5 543 432 627 511 441 334 428 321 211 
 
4 568 455 673 553 438 331 428 321 378 
 
3 592 478 721 596 425 318 428 321 378 
 
2 614 499 766 637 411 304 428 321 378 
 
1 636 519 814 680 384 276 428 321 432 
Ratio of 
Change 
(%) 
R (8) 20.63% 20.34% 19.60% 19.11% 22.51% 22.35% 22.64% 22.52% 8.38% 
7 19.61% 18.75% 17.88% 17.13% 21.79% 21.40% 22.64% 22.52% 8.38% 
6 18.35% 17.63% 16.67% 15.84% 21.76% 21.38% 22.64% 22.52% 8.38% 
5 17.53% 16.76% 15.68% 14.83% 21.49% 21.01% 22.64% 22.52% 9.33% 
4 16.87% 16.07% 15.04% 14.26% 22.01% 21.69% 22.64% 22.52% 8.62% 
3 16.54% 15.74% 14.44% 13.74% 22.83% 22.78% 22.64% 22.52% 8.62% 
2 15.85% 15.24% 13.99% 13.35% 23.80% 24.08% 22.64% 22.52% 8.62% 
1 15.43% 14.82% 13.53% 12.96% 25.90% 27.19% 22.64% 22.52% 8.82% 
Table 7- 39: Comparison of interior joint shear capacities calculated with nominal material strengths and 
probable material strengths 
Axial Load N*(G+ΨQ) Vij 
(kN) 
N*(G+ΨQ) Vij 
(kN) Ratio of Change (%) Level Vpji k=1.0 (kN) Vpji k=0.3 (kN) Vpji k=1.0 (kN) Vpji k=0.3 (kN) 
R (8) 924 310 382 1120 370 414 21.21% 19.35% 8.38% 
7 979 357 382 1176 418 414 20.12% 17.09% 8.38% 
6 1029 397 382 1228 461 414 19.34% 16.12% 8.38% 
5 1077 434 386 1277 499 422 18.57% 14.98% 9.33% 
4 1122 467 604 1324 535 655 18.00% 14.56% 8.44% 
3 1166 498 604 1369 568 655 17.41% 14.06% 8.44% 
2 1208 527 604 1413 599 655 16.97% 13.66% 8.44% 
1 1248 554 793 1455 629 863 16.59% 13.54% 8.83% 
In Table 7- 34, Table 7- 35, Table 7- 36, Table 7- 37, Table 7- 38, and Table 7- 39, comparisons of 
component (exterior and interior beams, exterior and interior columns, exterior and interior joints) 
shear strengths using nominal material strengths and probable material strengths are presented. It was 
found that in general the component shear strengths calculated based on the probable material 
strengths are approximately 10% ~ 27% larger than the shear strengths calculated based on the 
nominal material strengths. It was also found that the shear demands estimated based on the 
component flexural strengths are 6% ~ 30% larger. In spite of the increase of the shear strengths, it 
was still expected that columns at level 1 and joints at lower levels are prone to shear failure.  
To summarise the findings in Section 7.4.1.1 and Section 7.4.1.2, component flexural and shear 
capacities were found to be increased due to the use of probable material strengths. It is more vital to 
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investigate how the variation of material strength influences the sequence of mechanisms at 
subassembly level and at global level, which are discussed in Section 7.4.1.3 and Section 7.4.1.4. 
7.4.1.3. Strength Hierarchy at Local Level (i.e. subassembly level) 
 
 
(a) (b) 
 
 
(c) (d) 
 
 
(e) (f) 
 
 
(g) (h) 
Figure 7- 17: Strength hierarchy evaluation for joints in Frame 1 of Building No.21 applying probable strength: 
(a) Exterior joints at level 1; (b) Interior joints at level 1; (c) Exterior joints at level 2&3&4; (d) Interior joints 
at level 2&3&4; (e) Exterior joints at level 5; (f) Interior joints at level 5; (g) Exterior joints at level 
6&7&Roof; (h) Interior joints at level 6&7&Roof  
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By comparing Figure 7- 17 to Figure 7- 9, it can be concluded that: 
 In general, same sequences of mechanisms were found at subassembly level. 
 When applying probable material strengths, for the exterior joints at all levels and the interior 
joints at level 1, 2, 5, 6, 7, the strength hierarchy was found to be same with that calculated 
based on the nominal material strengths. 
 When applying probable material strengths, for the interior joints at level 3, 4, roof, the joint 
strengths were found to be higher than the beam yielding strengths but with only small 
disparities. 
7.4.1.4. Global Mechanisms 
In Figure 7- 18, the changes of pushover curves computed by current SLaMa (procedures from 
NZSEE 2006 Appendix 4E and NZSEE 2006 Section 7) are illustrated. And in Figure 7- 19, the 
changes of pushover curves computed by the improved SLaMa with Evaluation of Strength Hierarchy 
and Determination of Lower and Upper Bounds of Lateral Load Capacity are illustrated. Table 7- 40 
provides a summary of comparison between the base shear or ultimate displacement capacities 
calculated using nominal material strengths and probable material strengths, with ratios of differences 
shown.  
 
Figure 7- 18: Pushover curves by the current SLaMa method using nominal and probable material strengths 
 
Figure 7- 19: Upper and lower bounds by the improved SLaMa using nominal and probable material strengths 
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Table 7- 40: Comparison of computed base shear capacity and ultimate displacement capacity by applying 
nominal material strengths and probable material strengths 
Procedures 
Base shear 
(applying 
nominal 
material 
strengths) 
(kN) 
 Base shear 
(applying 
probable 
material 
strengths) 
(kN) 
Ratio of 
increase 
Ultimate 
displacement 
(applying 
nominal material 
strengths) 
(mm) 
Ultimate 
displacement 
(applying 
probable material 
strengths) 
(mm) 
Ratio of 
increase 
SLaMa (NZSEE2006 Appendix 
4E) 900 945 4.94% 568 605 6.67% 
NZSEE2006 Section 7 1081 1134 4.94% 650 696 6.99% 
Column sidesway mechanism 
calculated following Priestley 
Book procedure 
573 591 3.04% 97 110 12.45% 
Beam sidesway mechanism 
calculated following Priestley 
Book procedure 
1002 1050 4.78% 122 131 7.43% 
DDBD procedure 924 970 4.94% 293 317 8.15% 
Portal Frame Method 593 611 3.03% 96 98 2.84% 
Portal Frame Method with 
yielding state assumption 596 614 3.03% 113 116 2.84% 
It is worth noting that the lower bound of lateral load was still estimated by the critical mechanism 
“column sidesway at level 5”, and it was anticipated that the real response of the frame (with mixed 
sidesway mechanism) should be close to the lower bound. 
In Table 7- 41, the comparison of the sequence of mechanisms determined by Portal Frame Method 
with the application of nominal material strengths and probable material strengths are shown, and the 
bi-linear pushover curves computed are shown in Figure 7- 20. The differences found are summarised 
as following: 
 In general, similar sequences of mechanisms were computed at global level. 
 Joint shear failure mechanisms were found to be delayed when applying probable material 
strengths. Regarding the joint shear failure mechanisms, the sequence “level 2 – level 3 – 
level 1 – level 4 – level 5 – level 6 – level 7” changes to “level 2 – level 1 – level 3 – level 4 – 
level 5 -  level 6 – level7”.  
 Regarding the interior column flexural hinging mechanisms, the sequence “level 5 – level 1 – 
level 7 – level 2 – level 3 – level 4” changes to “level 7 – level 1 – level 2 – level 5 – level 3 – 
level 4”.  
 The results from Portal Frame Method are consistent with the results from the evaluation of 
strength hierarchy.  
 The bi-linear pushover curve computed based on the probable material strengths is similar to 
the curve computed based on the nominal material strengths, but with larger base shear 
capacity and ultimate displacement capacity,  as shown in Table 7- 42.  
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Table 7- 41: Comparison of the sequence of mechanisms determined by Portal Frame Method using nominal 
and probable material strengths 
Applying nominal material strength Applying probable material strength 
Level Mechanism Level Mechanism 
Level 5 Beam yield (structure "First Yield" state) Level 5 
Beam yield (structure "First 
Yield" state) 
Level 2 Interior beam flexural hinging Level 2 Interior beam flexural hinging 
Level 5 Exterior beam flexural hinging Level 5 Exterior beam flexural hinging 
Level 5 Interior beam flexural hinging Level 5 Interior beam flexural hinging 
Level 3 Interior beam flexural hinging Level 3 Interior beam flexural hinging 
Level 4 Interior beam flexural hinging Level 4 Interior beam flexural hinging 
Level 6 Beam yield Level 6 Beam yield 
Level 6 Exterior beam flexural hinging Level 6 Exterior beam flexural hinging 
Level 6 Interior beam flexural hinging Level 6 Interior beam flexural hinging 
Level 2 Beam yield Level 2 Beam yield 
Level 2 Exterior beam flexural hinging Level 2 Exterior beam flexural hinging 
Level 2 Joint shear failure Level 3 Beam yield 
Level 3 Beam yield Level 1 Beam yield 
Level 3 Joint  shear failure Level 3 Exterior beam flexural hinging 
Level 1 Joint shear failure Level 2 Joint shear failure 
Level 1 Beam yield Level 1 Joint shear failure 
Level 3 Exterior beam flexural hinging Level 3 Joint shear failure 
Level 4 Joint shear failure Level 1 Exterior beam flexural hinging 
Level 1 Exterior beam flexural hinging Level 4 Beam yield 
Level 4 Beam yield Level 1 Interior beam flexural hinging 
Level 1 Interior beam flexural hinging Level 4 Joint shear failure 
Level 4 Exterior beam flexural hinging Level 4 Exterior beam flexural hinging 
Level 6 Interior column flexural hinging Level 6 Interior column flexural hinging 
Level 5 Joint shear failure Level 7 Beam yield 
Level 7 Beam yield Level 7 Exterior beam flexural hinging 
Level 7 Exterior beam flexural hinging Level 5 Joint shear failure 
Level 7 Interior beam flexural hinging Level 7 Interior beam flexural hinging 
Level 6 Joint shear failure Level 7 Interior column flexural hinging 
Level 5 Interior column flexural hinging Level 6 Joint shear failure 
Level 1 Interior column flexural hinging Level 1 Interior column flexural hinging 
Level 7 Interior column flexural hinging Level 2 Interior column flexural hinging 
Level 2 Interior column flexural hinging Level 5 Interior column flexural hinging 
Level 3 Interior column flexural hinging Level 3 Interior column flexural hinging 
Level 4 Interior column flexural hinging Level 4 Interior column flexural hinging 
Level 7 Joint shear failure Level 7 Joint shear failure 
Level 5 Exterior column flexural hinging Level 5 Exterior column flexural hinging 
Level 5 Column shear failure Level R Beam yield 
Level 1 Column shear failure Level 6 Exterior column flexural hinging 
Level R Beam yield Level R Interior column flexural hinging 
Level 2 Column shear failure Level R Exterior beam flexural hinging 
Level R Interior column flexural hinging Level 5 Column shear failure 
Level R Exterior beam flexural hinging Level 1 Column shear failure 
Level 6 Exterior column flexural hinging Level R Interior beam flexural hinging 
Level R Interior beam flexural hinging Level 2 Column shear failure 
Level 3 Column shear failure Level 3 Column shear failure 
Level 6 Column shear failure Level 6 Column shear failure 
Level 4 Column shear failure Level 7 Exterior column flexural hinging 
Level 7 Exterior column flexural hinging Level 4 Column shear failure 
Level R Joint shear joint Level R Joint shear joint 
Level 2 Exterior column flexural hinging Level 2 Exterior column flexural hinging 
Level 1 Exterior column flexural hinging Level 1 Exterior column flexural hinging 
Level 3 Exterior column flexural hinging Level 3 Exterior column flexural hinging 
Level 7 Column shear failure Level 4 Exterior column flexural hinging 
Level 4 Exterior column flexural hinging Level 7 Column shear failure 
Level R Exterior column flexural hinging Level R Exterior column flexural hinging 
Level R Column shear failure Level R Column shear failure 
Table 7- 42: Summary of base shears and ultimate displacements calculated by the improved SLaMa with 
Portal Frame Method using nominal and probable material strengths 
Capacity Applying nominal 
material strengths 
Applying probable 
material strengths 
Ratio of 
Increase 
Base shear (kN) 593  611  3.03% 
Ultimate displacement (mm) 96  98  2.84% 
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Figure 7- 20: Pushover curves by the improved SLaMa with Portal Frame Method using nominal and probable 
material strengths 
7.4.2. Influence of Component Strength Variation 
As discussed in previous section (Section 7.3.2), the nominal component strengths were applied, 
computing a lower bound of lateral load capacity. In Section 7.4.1, the probable material strengths 
were applied (approximated probable component strengths), and the results indicate that the 
assessment outcomes are not significantly affected by using probable strengths instead of using 
nominal strengths: 
 Minor changes to the sequence of mechanisms at subassembly level are found. 
 Only a few changes to the sequence of mechanisms at global level are found. 
 3% ~ 5% increases (in different procedures) of base shear capacities were found. 
 2% ~ 13% increases (in different procedures) of ultimate displacement capacities were found. 
If applying beam and column overstrengths simultaneously, in this particular case (Building No.21 
Frame 1), it is likely that the sequence of mechanisms may still remain the same. Therefore, in order 
to show some significant impacts on assessment results, in this section, the component properties 
were artificially changed. In Section 7.4.2.1, the influence due to the change of beam section 
properties are discussed, and in Section 7.4.2.2, the influence due to the change of both beam and 
column section properties are discussed. It should be noted that the detailed calculation processes are 
not presented, but only the final results and discussions are shown. 
7.4.2.1. Change of Beam Sections 
In Table 7- 43, the changes made to the beam sections are illustrated. About 22% ~ 34% of beam 
flexural strengths were reduced, as shown in Table 7- 44. The computed moment-curvature curves are 
shown in Figure 7- 21. 
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Table 7- 43: Original and changed beam section profiles 
Level Exterior Beam Sections Interior Beam Sections 
Level 1 
 
Original  Same as exterior beams 
Change Only keep the top and bottom layers: 4×Φ20 
Level 2,3,4 
 
Original 
 
Change Top and bottom layers 3×Φ20 
Level 
5,6,7,R 
 
Original  Same as exterior beams 
Change Level 5: keep the same Level 6, 7, R: Top and bottom layers 2×Φ20 
Table 7- 44: Comparison of interior beam flexural capacities before and after reduced strength 
Level 
Original beams Reduced strength Ratio of change 
Interior Interior Interior 
My My My My My My 
Mu Mu Mu Mu Mu Mu 
1 0.002809 323.94 0.002712  219.18  -3.44% -32.34% 0.054114 343.45 0.064169  228.25  18.58% -33.54% 
2 0.002679 214.24 0.002692  164.58  0.48% -23.18% 0.067672 220.76 0.065234  171.38  -3.60% -22.37% 
3 0.002679 214.24 0.002692  164.58  0.48% -23.18% 0.067672 220.76 0.065234  171.38  -3.60% -22.37% 
4 0.002679 214.24 0.002692  164.58  0.48% -23.18% 0.067672 220.76 0.065234  171.38  -3.60% -22.37% 
5 0.002634 160.18 0.002634  160.18  0.00% 0.00% 0.053515 166.98 0.053515  166.98  0.00% 0.00% 
6 0.002737 156.79 0.002575  110.60  -5.93% -29.46% 0.058795 164.59 0.072970  115.24  24.11% -29.98% 
7 0.002737 156.79 0.002575  110.60  -5.93% -29.46% 0.058795 164.59 0.072970  115.24  24.11% -29.98% 
R 0.002737 156.79 0.002575  110.60  -5.93% -29.46% 0.058795 164.59 0.072970  115.24  24.11% -29.98% 
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Figure 7- 21: Comparison of moment-curves of interior beams before and after reduced strength 
 
(a) (b) 
 
(c) (d) 
Figure 7- 22: Strength hierarchy evaluation for interior joints in Frame 1 of Building No.21: (a) Interior joints 
at level 1; (b) Interior joints at level 2, 3, 4; (c) Interior joints at level 5; (d) Interior joints at level 6&7&Roof 
As shown in Figure 7- 22, all interior joints follow the sequence “beam flexural hinging – joint shear 
failure – column flexural hinging”.  
 
 
 
0
50
100
150
200
250
300
350
400
0 0.02 0.04 0.06 0.08
M
om
en
t M
 
(kN
m
) 
Curvature Φ (rad/m) 
M-Φ for Interior Beams (Building No.21 
Frame 1 All Levels) 
Level 1
Level 2 to
level 4
Level 5
Level 6 and
above 0
50
100
150
200
250
0 0.02 0.04 0.06 0.08
M
om
en
t M
 
(kN
m
) 
Curvature Φ (rad/m) 
M-Φ for Interior Beams (Building No.2 
Frame 1 All Levels, reduced strength) 
Level 1
Level 2
to level
4
Level 5
0
100
200
300
400
500
600
-3000-2500-2000-1500-1000-5000
M
om
en
t M
(kN
m
) 
Axial Load (kN) 
Strength Hierarchy of Interior Beam Column Joint 
(Building No.2 Frame 1 Level 1) 
0
100
200
300
400
500
600
-2000-1500-1000-5000
M
om
en
t M
(kN
m
) 
Axial Load (kN) 
Strength Hierarchy of Interior Beam Column 
Joint (Building No.2 Frame 1 Level 2&3&4) 
0
100
200
300
400
500
600
-2000-1500-1000-5000
M
om
en
t M
(kN
m
) 
Axial Load (kN) 
Strength Hierarchy of Interior Beam Column Joint 
(Building NO.2 Frame 1 Level 5) 
0
100
200
300
400
500
600
-1000-5000500
M
om
en
t M
(kN
m
) 
Axial Load (kN) 
Strength Hierarchy of Interior Beam Column Joint 
(Building No.2 Frame 1 Level 6&7&Roof) 
Thesis Page 234 
 
Table 7- 45: Sequence of mechanisms determined by Portal Frame method 
Component nominal strengths Reduced beam strengths 
Level Mechanism Level Mechanism 
Level 5 Beam yield (structure "First Yield" state) Level 2 Interior beam flexural hinging 
Level 2 Interior beam flexural hinging Level 3 Interior beam flexural hinging 
Level 5 Exterior beam flexural hinging Level 6 Interior beam flexural hinging 
Level 5 Interior beam flexural hinging Level 4 Interior beam flexural hinging 
Level 3 Interior beam flexural hinging Level 5 Beam yield 
Level 4 Interior beam flexural hinging Level 5 Exterior beam flexural hinging 
Level 6 Beam yield Level 1 Interior beam flexural hinging 
Level 6 Exterior beam flexural hinging Level 5 Interior beam flexural hinging 
Level 6 Interior beam flexural hinging Level 6 Beam yield 
Level 2 Beam yield Level 7 Interior beam flexural hinging 
Level 2 Exterior beam flexural hinging Level 6 Exterior beam flexural hinging 
Level 2 Joint shear failure Level 2 Beam yield flexural hinging 
Level 3 Beam yield Level 2 Exterior beam flexural hinging 
Level 3 Joint  shear failure Level 2 Joint shear failure 
Level 1 Joint shear failure Level 3 Beam yield 
Level 1 Beam yield Level 3 Joint shear failure 
Level 3 Exterior beam flexural hinging Level 1 Joint shear failure 
Level 4 Joint shear failure Level 1 Beam yield 
Level 1 Exterior beam flexural hinging Level 3 Exterior beam flexural hinging 
Level 4 Beam yield Level 4 Joint shear failure 
Level 1 Interior beam flexural hinging Level 1 Exterior beam flexural hinging 
Level 4 Exterior beam flexural hinging Level 4 Beam yield 
Level 6 Interior column flexural hinging Level 4 Exterior beam flexural hinging 
Level 5 Joint shear failure Level 6 Interior column flexural hinging 
Level 7 Beam yield Level 5 Joint shear failure 
Level 7 Exterior beam flexural hinging Level 7 Beam yield 
Level 7 Interior beam flexural hinging Level 7 Exterior beam flexural hinging 
Level 6 Joint shear failure Level 6 Joint shear failure 
Level 5 Interior column flexural hinging Level 5 Interior column flexural hinging 
Level 1 Interior column flexural hinging Level 1 Interior column flexural hinging 
Level 7 Interior column flexural hinging Level 7 Interior column flexural hinging 
Level 2 Interior column flexural hinging Level 2 Interior column flexural hinging 
Level 3 Interior column flexural hinging Level 3 Interior column flexural hinging 
Level 4 Interior column flexural hinging Level 4 Interior column flexural hinging 
Level 7 Joint shear Level R Interior beam flexural hinging 
Level 5 Exterior column flexural hinging Level 7 Joint shear failure 
Level 5 Column shear failure Level 5 Exterior column flexural hinging 
Level 1 Column shear failure Level 5 Column shear failure 
Level R Beam yield Level 1 Column shear failure 
Level 2 Column shear failure Level R Beam yield 
Level R Interior column flexural hinging Level 2 Column shear failure 
Level R Exterior beam flexural hinging Level R Interior column flexural hinging 
Level 6 Exterior column flexural hinging Level R Exterior beam flexural hinging 
Level R Interior beam flexural hinging Level 6 Exterior column flexural hinging 
Level 3 Column shear failure Level 3 Column shear failure 
Level 6 Column shear failure Level 6 Column shear failure 
Level 4 Column shear failure Level 4 Column shear failure 
Level 7 Exterior column flexural hinging Level 7 Exterior column flexural hinging 
Level R Interior Joint shear joint Level R Joint shear failure 
Level 2 Exterior column flexural hinging Level 2 Exterior column flexural hinging 
Level 1 Exterior column flexural hinging Level 1 Exterior column flexural hinging 
Level 3 Exterior column flexural hinging Level 3 Exterior column flexural hinging 
Level 7 Column shear failure Level 7 Column shear failure 
Level 4 Exterior column flexural hinging Level 4 Exterior column flexural hinging 
Level R Exterior column flexural hinging Level R Exterior column flexural hinging 
Level R Column shear failure Level R Column shear failure 
Table 7- 46: Summary of base shears and ultimate displacements calculated by the improved SLaMa with 
Portal Frame Method using nominal and probable material strengths 
Capacity Original interior beam 
strengths 
Reduced interior beam 
strengths 
Ratio of 
Increase 
Base shear (kN) 593 590 -0.38% 
Ultimate displacement (mm) 96 108 12.54% 
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Figure 7- 23: Comparison of the pushover curves computed by the improved SLaMa with Portal Frame Method 
before and after interior beam strengths reduced 
In Table 7- 45, the comparison of the sequence of mechanisms determined by Portal Frame Method 
with the application of original component strengths and the reduced beam strengths are shown, and 
the bi-linear pushover curves computed are shown in Figure 7- 23. The differences found are 
summarised as following: 
 In general, similar sequences of mechanisms were computed at global level. 
 Joint shear failure mechanisms are found to be delayed when applying the reduced beam 
strengths. 
 As shown in Figure 7- 23 and Table 7- 46, the base shear capacity calculated using the 
reduced beam strengths was found to be almost the same with the original base shear capacity, 
with only 0.38% differences. The ultimate displacement capacity calculated using the reduced 
beam strengths was found to be 12.54% larger than the original ultimate displacement.  
7.4.2.2. Change of Both Beam and Column Sections 
The changes applied to beams are the same as shown in previous, i.e. Table 7- 43, and the changes 
made to the column sections are illustrated in Table 7- 47. About 20% ~ 60% of column flexural 
strengths were increased, as shown in Table 7- 48. 
Table 7- 47: Original and changed column section profiles 
Level  Exterior Column Sections (A1, D1) Interior Column Sections (B1, C1) 
Ground level 
to 
Level 4 above 
Original 
 
 
Change Same as the oringal Same as the oringal 
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Level 4 above to Level 5 above 
Original 
 
 
Change Top and bottom layers: 3×Φ28 Add two mid layers: 2×Φ28 Top and bottom layers: 3×Φ28 
Level 5 above to Roof Original 
  
Change Top and bottom layers: 3×Φ28 Top and bottom layers: 3×Φ28 
Table 7- 48: Comparison of column flexural capacities before and after increased strength at higher levels 
Level Column Column Ratio of Change (%) Exterior Interior Exterior Interior Exterior Interior 
 
My My My My My My My My My My My My 
 
Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu Mu 
1 0.006552  487.98 0.006296  386.78 0.006552  487.98  0.006296  386.78  0.00% 0.00% 0.00% 0.00% 0.015441  513.58 0.016845  447.19 0.015441  513.58  0.016845  447.19  0.00% 0.00% 0.00% 0.00% 
2 0.006336  459.33 0.006156  369.86 0.006336  459.33  0.006156  369.86  0.00% 0.00% 0.00% 0.00% 0.017039  499.11 0.017745  436.3 0.017039  499.11  0.017745  436.30  0.00% 0.00% 0.00% 0.00% 
3 0.006144  434.05 0.006015  352.73 0.006144  434.05  0.006015  352.73  0.00% 0.00% 0.00% 0.00% 0.018617  484.89 0.018698  424.87 0.018617  484.89  0.018698  424.87  0.00% 0.00% 0.00% 0.00% 
4 0.005948  408.39 0.005870  335.39 0.005948  408.39  0.005870  335.39  0.00% 0.00% 0.00% 0.00% 0.020386  469.45 0.019706  412.96 0.020386  469.45  0.019706  412.96  0.00% 0.00% 0.00% 0.00% 
5 0.005378  227.81 0.005545  254.88 0.005691  324.01  0.005640  315.71  5.82% 42.23% 1.71% 23.87% 0.041196  244.14 0.022223  321.66 0.022124  390.26  0.022223  386.36  -46.29% 59.85% 0.00% 20.12% 
6 0.005143  202.85 0.005106  198.93 0.005283  264.93  0.005250  261.03  2.73% 30.60% 2.81% 31.22% 0.049102  216.37 0.050360  211.96 0.047834  280.89  0.048820  276.47  -2.58% 29.82% -3.06% 30.43% 
7 0.004914  179.06 0.004886  176.17 0.005077  241.30  0.005052  238.44  3.32% 34.76% 3.40% 35.35% 0.057126  189.69 0.058161  186.47 0.053992  254.20  0.054767  250.99  -5.49% 34.01% -5.84% 34.60% 
R 0.004664  154.08 0.004643  152.04 0.004857  216.65  0.004839  214.65  4.13% 40.61% 4.21% 41.18% 0.066450  162.03 0.067246  159.8 0.060840  226.67  0.061413  224.45  -8.44% 39.89% -8.67% 40.46% 
All joints follow the sequence “beam flexural hinging – joint shear failure – column flexural hinging”, 
and the details are not repeated in this section. 
Table 7- 49: Sequence of mechanisms determined by Portal Frame method 
Original component strength Changed component strength 
Level Mechanism Level Mechanism 
Level 5 Beam yield (structure "First Yield" state) Level 2 Beam yield (structure "First Yield" state) 
Level 2 Interior beam flexural hinging Level 3 Interior beam flexural hinging 
Level 5 Exterior beam flexural hinging Level 6 Interior beam flexural hinging 
Level 5 Interior beam flexural hinging Level 4 Interior beam flexural hinging 
Level 3 Interior beam flexural hinging Level 5 Beam yield  
Level 4 Interior beam flexural hinging Level 5 Exterior beam flexural hinging 
Level 6 Beam yield Level 1 Interior beam flexural hinging 
Level 6 Exterior beam flexural hinging Level 5 Interior beam flexural hinging 
Level 6 Interior beam flexural hinging Level 6 Beam yield 
Level 2 Beam yield Level 7 Interior beam flexural hinging 
Level 2 Exterior beam flexural hinging Level 6 Exterior beam flexural hinging 
Level 2 Joint shear failure Level 2 Beam yield 
Level 3 Beam yield Level 2 Exterior beam flexural hinging 
Level 3 Joint  shear failure Level 2 Joint shear failure 
Level 1 Joint shear failure Level 3 Beam yield 
Level 1 Beam yield Level 3 Joint shear failure 
Level 3 Exterior beam flexural hinging Level 1 Joint shear failure 
Level 4 Joint shear failure Level 1 Beam yield 
Level 1 Exterior beam flexural hinging Level 3 Exterior beam flexural hinging 
Level 4 Beam yield Level 4 Joint shear failure 
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Level 1 Interior beam flexural hinging Level 1 Exterior beam flexural hinging 
Level 4 Exterior beam flexural hinging Level 4 Beam yield 
Level 6 Interior column flexural hinging Level 4 Exterior beam flexural hinging 
Level 5 Joint shear failure Level 5 Joint shear failure 
Level 7 Beam yield Level 7 Beam yield 
Level 7 Exterior beam flexural hinging Level 7 Exterior beam flexural hinging 
Level 7 Interior beam flexural hinging Level 6 Joint shear failure 
Level 6 Joint shear failure Level 1 Interior column flexural hinging 
Level 5 Interior column flexural hinging Level 2 Interior column flexural hinging 
Level 1 Interior column flexural hinging Level 3 Interior column flexural hinging 
Level 7 Interior column flexural hinging Level 6 Interior column flexural hinging 
Level 2 Interior column flexural hinging Level 4 Interior column flexural hinging 
Level 3 Interior column flexural hinging Level R Interior beam flexural hinging 
Level 4 Interior column flexural hinging Level 7 Joint shear failure 
Level 7 Joint shear failure Level 5 Interior column flexural hinging 
Level 5 Exterior column flexural hinging Level 7 Interior column flexural hinging 
Level 5 Column shear failure Level 1 Column shear failure 
Level 1 Column shear failure Level R Beam yield 
Level R Beam yield Level 2 Column shear failure 
Level 2 Column shear failure Level R Exterior beam flexural hinging 
Level R Interior column flexural hinging Level 5 Column shear failure 
Level R Exterior beam flexural hinging Level 3 Column shear failure 
Level 6 Exterior column flexural hinging Level 4 Column shear failure 
Level R Interior beam flexural hinging Level 6 Column shear failure 
Level 3 Column shear failure Level R Joint shear failure 
Level 6 Column shear failure Level 6 Exterior column flexural hinging 
Level 4 Column shear failure Level R Interior column flexural hinging 
Level 7 Exterior column flexural hinging Level 2 Exterior column flexural hinging 
Level R Joint shear joint Level 1 Exterior column flexural hinging 
Level 2 Exterior column flexural hinging Level 3 Exterior column flexural hinging 
Level 1 Exterior column flexural hinging Level 5 Exterior column flexural hinging 
Level 3 Exterior column flexural hinging Level 4 Exterior column flexural hinging 
Level 7 Column shear failure Level 7 Column shear failure 
Level 4 Exterior column flexural hinging Level 7 Exterior column flexural hinging 
Level R Exterior column flexural hinging Level R Exterior column flexural hinging 
 Level R Column shear failure Level R Column shear failure 
 
Figure 7- 24: Comparison of the pushover curves computed by the improved SLaMa with Portal Frame Method 
before and after component strengths changed 
Table 7- 50: Summary of base shears and ultimate displacements calculated by the improved SLaMa with 
Portal Frame Method using the original and the changed component strengths 
Capacity Original interior beam 
strengths 
Reduced interior beam 
strengths 
Ratio of 
Increase 
Base shear (kN) 593 772 30.30% 
Ultimate displacement (mm) 96 110 14.81% 
0
200
400
600
800
1000
1200
0 100 200 300
Ba
se
 S
he
a
r 
(kN
) 
Displacement (mm) 
30% increase 
Thesis Page 238 
 
In Table 7- 49, the comparison of the sequence of mechanisms determined by Portal Frame Method 
with the application of the original and the changed component strengths are shown, and the bi-linear 
pushover curves computed are shown in Figure 7- 24. The differences found are summarised as 
following: 
 In general, quite a lot of changes were found when applying the changed component strengths. 
 Joint shear failure mechanisms were found to be delayed when applying the changed 
component strengths.  
 Column flexural hinging mechanisms were also found to be delayed when applying the 
changed component strengths. 
 The most critical mechanism was assessed to the “column shear failure at level 1”, which was 
found to be very different from the original critical mechanism – “exterior column flexural 
hinging at level 5”. 
 As shown in Figure 7- 24 and Table 7- 50, the base shear capacity calculated using the 
changed component strengths was found to be 30% higher than the original base shear 
capacity. The ultimate displacement capacity calculated using the changed component 
strengths was found to be 14.81% higher than the original ultimate displacement.  
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7.5. Alternative Building Case Studies (Potential Parametric Study) 
Modelling sheets of additional building case studies are attached as Appendix A14. The modelling 
sheets collect information such as basic building data, elevation and plan drawings of the critical 
structural systems, summaries of section profiles for the critical structural systems, and calculation of 
loading cases. All the building case studies selected in this research are frame-type buildings from the 
Refined CHCH building database knowledge level 2 (see Section 6.3). Due to the restricted timeframe 
of this research, detailed assessment procedures were completed only for a few cases. In following 
paragraphs, the assessment results of one alternative case study – Building No.46 – are presented and 
briefly discussed. The modelling sheets, together with assessment calculation spreadsheets, may 
provide a good source of information for future researchers. It is worth noting that the information 
provided in the modelling sheets and calculation spreadsheets requires further examination and 
modification.  
In Table 7- 51, a summary of flexural capacities of beams and columns in Frame D of Building No.46 
is presented. By performing shear checks for the components following the same procedures in 
assessing Building No.21, it was found that the frame is unlikely to prone to shear failure. In Figure 7- 
25, the results from the evaluation of strength hierarchy at subassembly level are presented, and it can 
be deduced that the sequence of global mechanisms should following the order “beam flexural 
hinging – joint shear failure – column flexural hinging”. This prediction was confirmed by the results 
from Portal Frame Method, as shown in Table 7- 52. In Figure 7- 26, the upper bound and the lower 
bound of lateral load capacity of the frame are shown, computed by following the same procedures 
applied for Building No.21. The lower bound was determined by assuming a column sidesway 
mechanism occurring at level 1, and the upper bound was determined by assuming a beam sidesway 
mechanism. By following Portal Frame Method and properly applying the determined displaced shape 
in displacement-based assessment procedure, a bi-linear pushover curve of the frame with mixed 
sidesway mechanism (which is more likely to be the real response) was computed, bounding between 
the upper and the lower bounds.  
Table 7- 51: Summary of beams and columns yielding and ultimate flexural moment capacity (based on nominal 
material strengths) (without consideration of axial load on columns) of Frame D in Building No.46 
Level Beam Column Exterior Interior Exterior Interior 
 
My My My My My My My My 
 
Mu Mu Mu Mu Mu Mu Mu Mu 
1 0.003959 160.96 0.003959 160.96 0.003620 273.65 0.003546 301.00 0.068718 191.74 0.068718 191.74 0.024814 419.08 0.040514 386.26 
2 0.003959 160.96 0.003959 160.96 0.003620 273.65 0.003546 301.00 0.068718 191.74 0.068718 191.74 0.024814 419.08 0.040514 386.26 
3 0.003751 111.22 0.003751 111.22 0.003620 273.65 0.003546 301.00 0.087886 118.27 0.087886 118.27 0.024814 419.08 0.040514 386.26 
R 0.003751 111.22 0.003751 111.22 0.003620 273.65 0.003546 301.00 0.087886 118.27 0.087886 118.27 0.024814 419.08 0.040514 386.26 
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(a) (b) 
  
(c) (d) 
Figure 7- 25: Strength hierarchy evaluation for beam column joints in Frame D of Building No.46: (a) exterior 
joints at level 1 and 2; (b) interior joints at level 1 and 2; (c) exterior joints at level 3 and roof; (d) interior 
joints at level 3 and roof 
Table 7- 52: Sequence of mechanisms determined by Portal Frame method 
Level Mechanism Storey Shear (kN) 
Base Shear 
(kN) 
Local displacement 
(mm) 
Global 
displacement (mm) 
Level 3 Beam yield 245 350 1.335 5.341 
Level 1 Beam yield 354 354 1.932 5.938 
Level 3 Exterior beam flexural hinging 260 372 1.420 6.022 
Level 2 Beam yield 354 394 1.932 6.620 
Level 3 Interior beam flexural hinging 277 396 2.529 7.729 
Level 1 Exterior beam flexural hinging 422 422 2.302 8.099 
Level 1 Interior beam flexural hinging 450 450 4.100 9.897 
Level 2 Exterior beam flexural hinging 422 469 2.302 10.267 
Level 2 Interior beam flexural hinging 450 500 4.100 12.065 
Roof Beam yield 245 612 1.335 12.150 
Roof Exterior beam flexural hinging 260 651 1.420  
Roof Interior beam flexural hinging 277 693 2.529 13.259 
Level 1 Joint shear failure 752 752 
 
25.162 
Level 2 Joint shear failure 697 774 
 
29.739 
Level 1 Interior column flexural hinging 906 906 47.228 56.387 
Level 3 Joint shear failure 641 915 
 
60.555 
Level 2 Interior column flexural hinging 906 1006 47.228 99.515 
Level 3 Interior column flexural hinging 906 1294 47.228 144.214 
Roof Joint shear failure 577 1441 
 
 
Level 1 Column shear failure 1644 1644 
 
 
Level 2 Column shear failure 1644 1827 
 
 
Level 1 Exterior column flexural hinging 1844 1844 41.553  
Level 2 Exterior column flexural hinging 1844 2049 41.553  
Roof Interior column flexural hinging 906 2264 47.228  
Level 3 Column shear failure 1644 2349 
 
 
Level 3 Exterior column flexural hinging 1844 2635 41.553  
Roof Column shear failure 1644 4111 
 
 
Roof Exterior column flexural hinging 1844 4611 41.553  
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Figure 7- 26: Pushover curves computed for Frame D of Building No.46 
As discussed in Section 5.5.3 and Section 6.3.4, in order to generate component analysis models and 
global structure models, parametric studies associated with different types of components and also the 
global structures should be carried out. As mentioned in previous, due to the restricted timeframe, 
parametric studies on the components and global structures have not completed. Table 7- 53, shown in 
the end of this section, is provided to explain the future work regarding parametric study.  
For the selected building representatives, both simplified and comprehensive assessment procedures 
should be carried out, and pushover curves (1) lower bound (from the improved SLaMa); (2) upper 
bound (from the improved SLaMa); (3) from simplified assessment procedures (i.e. the improved 
SLaMa); (4) from comprehensive assessment procedures (i.e. involving numerical modelling) should 
be computed. If multiple buildings are assessed for one building typology, a generalised pushover 
curve may be determined. And as mentioned in Section 5.5.3, the response of a reinforced concrete 
building can be directly predicted by referring to the generalised pushover curve of the building 
representatives that have the most alike properties or characteristics to the building case under 
assessment, without involving too much effort in data collection, complicated calculation and 
numerical modelling. 
During assessing the selected building representatives, generalised component models (as mentioned 
in Section 5.5.3, i.e. force-deformation curve, component “pushover” curve) may be computed. Hence, 
the response of an element (e.g. beam, column, joint, wall or others) can be directly predicted by 
referring to the generalised curve of the components that have the most alike properties or 
characteristics. The predicted responses of elements can then be applied as inputs to assess the global 
response of the structure. In order to accomplish the goal of establishing generalised component 
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models and global structure models, researchers from specific disciplines, such as beam, column, joint, 
wall, masonry, residual capacity, etc. need to be involved.  
As shown in Table 7- 53, reinforced concrete buildings from the Refined CHCH Building Database 
knowledge level 2 are presented. For building No.39, No.45, No.21, No.46, No.75, No.7, No.38, 
No.56, No.74 and No.31, modeling sheets are attached as appendices (Appendix A14), and 
assessment calculation spreadsheets are provided but will require future modifications. For building 
No.5, No.10, and No.41, despite the current structural drawings (which have missing parts and pages), 
more sufficient building data are required. 
Table 7- 53: Potential parametric study matrix 
Building Typology Parameter SET1 Parameter SET2 Parameter SET3 Parameter SET4 Parameter SET5 Parameter SET 6 
Frame (pre/incl 70s) 
low rise (1-3 storey) 
 
     
Frame (pre/incl 70s) 
mid-rise (4-7 storey) 
Building No.39 
(Trade Union Centre) 
Building No.45 
(Strategy House) 
Building No.44 
(Old CHC City 
Council Building) 
Building No.99 
(George Hotel)   
Frame (pre/incl 70s)    
high rise (8+ storey) 
Building No. 21 
(Securities House)      
Frame (post70s) 
low rise (1-3 storey)       
Frame (post 70s) 
mid rise (4-7 storey) 
Build No. 46 
(Alliance Insurance) 
Building No.75 
(Riverlands 
House) 
Building No.5   
(Amuri Courts)    
Frame (post 70s) 
high rise (8+ storey) 
Building No.7 
(Brannigans) 
Building No.38 
(Victoria Tower) 
Building No.56 
(Drexel 
Restaurant and 
Above) 
Building No.74 
(BBQ House) 
Building No.13 
(Clarendon Tower) 
Building  No.10 
(Crown Plaza) 
Shear Wall (pre/incl 
70s) low rise (1-3 
storey) 
Building No. 41     
(CHC City Town 
Hall) 
 
    
Shear Wall (pre/incl 
70s) mid rise (4-7 
storey)       
Shear Wall (pre/incl 
70s) high rise (8+ 
storey) 
Building No. 31       
(AMI Building)      
Shear Wall (post70s)   
low rise (1-3 storey)       
Shear Wall (post 70s)  
mid rise (4-7 storey) 
Building No. 71  
(Wilson Parking)      
Shear Wall (post 70s)  
high rise (8+ storey) 
Building No. 36     
(Terrace on the Park)     
 
  
More building cases should be included in order that for each 
of building types, there is at least one building representative. 
For these building representatives: 
(1) Simplified assessment procedures should be carried out, 
and pushover curves with upper and lower bounds should 
be determined. 
(2) Numerical modeling should be carried out, in order to 
verify the results from simplified procedures. 
Building cases under the same building typology 
category may have similar member section properties  The classification of buildings can be more 
sophisticated (see 
Section 6.3) if more 
building examples are 
considered.  
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CHAPTER 8 Numerical Modelling 
8.1. Purpose of Numerical Modelling 
The purpose of numerical modelling is stated as following: 
 To validate the deficiencies of the simplified analytical (i.e. “by-hand”) approach (i.e. SLaMa) 
that is currently adopted in NZSEE 2006. These deficiencies are discussed in the previous 
chapters. 
 To validate the improvements proposed to the simplified analytical approach, i.e. by including 
procedures of (1) evaluating strength hierarchy; (2) determining the lower and upper bounds 
of the lateral load capacity of the structure; (3) determining the sequence of mechanisms by 
Portal Frame Method (incl. Evaluation of Strength Hierarchy); or (4) adopting the component 
analysis model and global structure model 
In aiming to achieve the purposes stated above, the case study structure, Frame 1 of Building No.21 
was modelled, and the modelling results (e.g. a pushover curve, prediction of the mechanisms 
sequence, prediction of the potential damages) was compared to the results obtained from the current 
and the improved simplified analytical approaches. 
In Section 8.2 and Section 8.3, the details associated with establishing the component models and 
developing the model for the entire structure are presented. Section 8.4 provides a brief explanation of 
the nonlinear analyses adopted, and the results generated from the analyses are shown in Section 8.5. 
Following the presented results from numerical modelling, the comparison of the numerical modelling 
results to the results obtained from the various approaches is also shown, with a discussion of the 
validation of the deficiencies of the current simplified approach as well as the proposed improvements 
to this simplified approach. 
8.2. Literature Review of the Plasticity Model for Beam-Column 
Joint 
One of the most critical modelling issues is whether the beam-column joint can be properly modelled. 
The proper joint model should have the shear resistance and shear deformation developed in joint 
region well defined; otherwise, the response of the structure in a seismic event cannot be 
appropriately predicted. This section gives a summary of the beam-column joint models from 
literature review. 
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As shown in Figure 8- 1, a simple equivalent moment rotational spring was proposed by Pampanin et 
al. (2002), and the linear or nonlinear behaviour of the joint can be modelled by applying this model. 
The characteristics of such spring model can be summarised as: 
 The spring converges into one node – the centre of the joint region. During modelling, it is 
assumed that the spring element should be set as “zero-length”, i.e. very small length, for 
instance 0.001m (1mm). 
 The moment-curvature relationship of the rotational spring should be derived based on the 
experimental principal tensile stress vs. joint shear deformation relationship. A summary of 
the principal tensile stress vs. joint shear deformation relationships obtained from 
experimental research in the past twenty years is provided in Section 5.3.3, and the 
relationship adopted in the proposed model is referred to Figure 5- 4 or Figure 5- 5 (Section 
5.3.3). It is worth noting that the k values specified in Figure 5- 4 and Figure 5- 5 (also, 
Figure 8- 2) are only applicable for joints with specific types of reinforcement and anchorage. 
Therefore, further tests and research work is still required to define or refine k values for the 
joints with various reinforcement and anchorage types. 
 The equivalent joint spring moment corresponding to a defined level of principal tensile (or 
compressive) stress in the joint (e.g. first cracking, or high damage level) should be calculated 
following the procedure presented in Section 5.3.3. As discussed in Section 5.3.3, only the 
concrete mechanism contributed to joint shear resistance is considered. 
 The joint shear distortion mechanism is assumed to become dominant at higher level of 
deformation, i.e., it is predominant when the joint is subjected to flexural behaviour. The joint 
shear deformation is assumed to be equal to the spring rotation. (Pampanin et al., 2002) 
 The cyclic behaviour should be modelled by applying an appropriate hysteretic rule 
accounting for the “pinching” effect due to slip of the reinforcement and shear cracking in the 
joint, for instance, Pampanin Reinforced Concrete Beam-Column Joint Hysteresis 
(IHYST=44 in RUAUMOKO), or Wayne Stewart Degrading Stiffness Hysteresis (IHYST=9 
in RUAUMOKO).  
 
Figure 8- 1: Simple lumped plasticity model for beam-column joints with a close up view of the panel zone 
region (Pampanin et al, 2002) 
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Figure 8- 2: Monotonic and cyclic behaviour of the shear hinge model (Pampanin et al, 2002) 
Galli (2006) mentioned that though this simple lumped plasticity joint model is easy and convenient 
to apply, however, it fails to take account for the effect of axial load on joint shear resistance. Hence, 
he proposed a modification to the model, which is shown in Figure 8- 3. 
 
Figure 8- 3: Modified joint model representation (Trowland, 2003) (Galli, M., Evaluation of the Seismic 
Response of Existing R.C. Frame Buildings with Masonry Infills, 2006) 
In this modified model, as illustrated in Figure 8- 3, the joint resistance and shear deformation is 
modelled by two rotational springs, interposed between the beam connection node and the upper 
column and the lower column, respectively. Each of these rotational springs takes half of the joint 
strength and stiffness. The axial load transmitted through the joint is modelled by applying an axial 
spring, interposed between the split rotational springs. Though the modification to take account for 
the effect of axial load was proposed, the model still fails to appropriately model the steel 
reinforcement contribution.  
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Figure 8- 4: Alternative beam-column joint model adopted by Shin, et al., 2004 
Alternative models, for instance, the model developed by Shin, et al., shown in Figure 8- 4, enable 
properly modelling of steel reinforcement contribution to joint shear resistance. In Figure 8- 5 and 
Figure 8- 6, the hysteretic rule and the joint principal stress-shear strain relationship, applied in Shin’s 
model, are presented. In Figure 8- 7, a number of alternative sophisticated models of beam-column 
joint are also presented. However, the applying these models may requires higher analysis program 
capability and more research efforts. 
 
Figure 8- 5: Alternative hysteretic behaviour of the analysed joint element adopted by Shin, et al, 2004 
 
Figure 8- 6: Alternative joint principal stress-shear strain adopter by Shin, et al, 2004 
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(a) (b) 
 
 
(c) (d) 
 
 
(e)  
Figure 8- 7: Alternative sophisticated beam-column joint models (a) Finite element model adopted by Nagai, 
1996; (b) Model of test specimen adopted by Eligehausen et al, 2006;(c) Multi-spring model proposed by 
Youssef and Ghobarah, 2001;(d) Joint model proposed by Elmorsi, Kianoush and Tso, 2000; (e) Reinforcement 
concrete beam-column joint model adopted by Lowes et al., 2003 
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8.3. Establishment of Model and Determination of Inputs 
It was determined that RUAUMOKO 2D was used to carry out nonlinear pushover analysis. From 
Section 8.3.1 to 8.3.3, brief explanations of component models are given, with the determination of 
the modelling inputs shown.  
8.3.1. Joint Model 
The beam-column joint model proposed by Galli was used in numerical modelling. As discussed in 
Section 8.2, Galli’s model is superior to the simple plasticity model by taking the effect of the axial 
load into consideration while still keeps simplicity. However, it has been emphasised in Section 8.2 
that the reinforcing steel contribution to joint shear resistance cannot be properly analysed by the 
Galli’s Model. In Frame 1 of Building No.21, it was found that no additional transverse 
reinforcements were designed in the joint regions, as illustrated in Figure 8- 9. Therefore, as stated in 
Section 7.3.3 and Section 7.3.4, the reinforcing steel contribution to the shear resistance in the joint 
regions are negligible compared to concrete strut contribution. The k value was assumed as 0.42 
during calculating the shear principal stress, as discussed in Section 7.3.4.  
 
Figure 8- 8: Adoption of joint model from literature 
 
Figure 8- 9: Transverse reinforcing details found in joint region for Frame 1 of Building No.21 
The basic section properties of the joint springs should be determined by applying the following: 
ܭ௝ = ܩ௖ሺ ��௕ܪܪ௖ − ��௕ሻܣ௘ ܭ� = ܧ௖ܣ௘ܮ  
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ܭ௝  = Joint rotational stiffness ܭ� = Joint axial stiffness ܩ௖ = Concrete shear modulus, and is assumed to be ܩ௖ = ��ଶሺଵ+௩ሻ,and 
this is also assumed for beam and column elements ܧ௖ = Concrete elastic modulus, and is 23209160kPa (23.2MPa) found 
for Frame 1 of Building No.21 � = 0.9 as stated in Section 5.3.3 � = Concrete Poisson’s Ratio, and is assumed to be 0.2 ܪ௖ = Interstorey height/column height �௕ = Beam depth ܣ௘ = Joint effective area ܮ = Half of the joint panel height 
The joint rotational and axial stiffness was estimated as 1.56E+06kNm/rad and 1.32E+07kN/m 
respectively. The stiffness should be split evenly to the two rotational springs. 
Apart from the top level joint springs, the spring characteristics were defined by the equivalent 
moment-axial load relationships. The curves were computed based on the six points, (PYT, 0), (0, 
M0), (ѿPB, M2B), (ҀPB, M1B), (PB, MB) and (PYC, 0), as shown in Figure 8- 10. The 
determination of these six points followed the procedure presented in Section 5.3.3. For the top level 
joints, no axial load influence was considered; hence ITYPE=1 was applied for the top level joint 
springs, assuming no interactions between X-, Y-, and Z- components. Table 8- 1 gathers the 
calculated values of the parameters required to define the characteristics for exterior and interior joints 
from level 1 to roof level.  
 
Figure 8- 10: Joint equivalent moment-axial load relationship (i.e. yield surface relationship for ITYPE=4, 
axial force-yield moment interaction) (RUAUMOKO2D Manual, Volume 2.12f) 
Table 8- 1: Summary of the six points to compute joint equivalent moment-axial load curve 
Joint PYT (kN) 
PYC 
(kN) 
PB 
(kN) 
MB 
(kNm) 
ҀPB 
(kN) 
M1B 
(kNm) 
ѿPB 
(kN) 
M2B 
(kNm) 
M0 
(kNm) 
Level 1 Exterior 431 -3072 -1320 278 -880 240 -440 196 138 
Level 1 Interior 431 -2576 -1072 258 -715 225 -357 187 138 
Level 2 Exterior 431 -2651 -1110 261 -740 227 -370 188 138 
Level 2 Interior 431 -2309 -939 246 -626 216 -313 182 138 
Level 3 Exterior 431 -2285 -927 245 -618 215 -309 181 138 
Level 3 Interior 431 -2042 -805 234 -537 207 -268 176 138 
Level 4 Exterior 431 -1918 -743 227 -496 202 -248 173 138 
Level 4 Interior 431 -1774 -671 221 -448 197 -224 170 138 
Level 5 Exterior 431 -1592 -580 216 -387 194 -193 170 141 
Level 5 Interior 431 -1505 -537 212 -358 191 -179 168 142 
Level 6 Exterior 431 -1282 -426 194 -284 177 -142 159 138 
Level 6 Interior 431 -1234 -402 192 -268 176 -134 158 138 
Level 7 Exterior 431 -995 -282 177 -188 165 -94 152 138 
Level 7 Interior 431 -961 -265 176 -176 164 -88 152 138 
��ܶ = Axial tension yield force (>0) ��ܥ = Axial compression yield force (<0) ܨ� + = Positive yield force in shear (>0) ܨ� − = Negative yield force in shear (<0) �ܤ = Axial compression force at B (<0) ܯܤ = Yield moment at B ܯͳܤ = Yield moment at P=(2/3)PB ܯʹܤ = Yield moment at P=(1/3)PB ܯͲ = Yield moment at P=0 
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Joint FX+ (kN) FX- (kN) FY+ (kN) FY- (kN) MZ+ (kNm) MZ- (kNm) 
Level R Exterior -1.32E+07 1.32E+07 1.32E+07 -1.32E+07 158 -158 
Level R Interior -1.32E+07 1.32E+07 1.32E+07 -1.32E+07 157 -157 
It is worth recognizing that the ductility-based strength degradation was assigned to the exterior joint 
model according to Galli’s research, based on the results from experiment test on joint subassemblies. 
Table 8- 2: Summary of strength degradation parameters 
Parameters DUCT1 DUCT 2 RDUCT 
Values 1 161 0.8 
Where:  
DUCT1 = Ductility at which degradation begins, or the cycle  number that the strength starts to reduce 
DUCT2 = Ductility at which degradation stops, or the cycle number where the strength reaches the residual value 
RDUCT = Residual strength as a fraction of the initial yield strength 
Pampanin Hysteresis (i.e. IHYST=44) Option 2, as shown in Figure 8- 11, was applied to model the 
joint behaviour under cyclic loading. The values of the hysteretic parameters should be determined 
and calibrated according to the results of experimental testing on beam-column joint subassemblies. 
The calibrated values proposed by Galli (Table 8- 3) were used during modelling. However, it should 
be recognised that the subassemblies in the testing had different characteristics with the joints in the 
case study frame. Hence, the application of these calibrated values introduced uncertainty to the 
modelling results. 
 
 
(a) (b) 
Figure 8- 11: Pampanin hysteretic rule (IHYST=44) (a) Option 1-reloadin power factor; (b) Option 2-reloading 
slip factor 
Table 8- 3: (a) Parameters needed to defined hysteresis rule adopted for joint members; (b) Calibration of the 
hysteretic rule parameters for the beam-column subassemblies 
  
(a) (b) 
Thesis Page 251 
 
8.3.2. Beam and Column Model 
The beams and columns were modelled as one-dimensional elements with lumped plasticity 
(illustrated as in Figure 8- 12) in the end regions with associated component characteristics, for 
instance, moment-curvature relationships for beams, moment-axial load interaction relationships for 
columns, etc. 
 
Figure 8- 12: Lumped plasticity element 
For beam elements, Table 8- 4 gives a summary of the determined beam characteristics. It is worth 
noting that for each of the beam and column elements, same yielding surface was assumed for two 
ends (i.e. end 1 and end 2). 
Table 8- 4: Summary of beam characteristics 
Beams A (m) AS (m2) I (m4) RF 
H1 
(m) 
H2 
(m) 
MY1+ 
(kNm) 
MY1- 
(kNm) 
MY2+ 
(kNm) 
MY2- 
(kNm) 
Level 1 0.1871 0.1559 8.460E-03 0.0033 0.3991 0.3991 324 -324 324 -324 
Level 2-4 Exterior 0.1497 0.1247 6.768E-03 0.0023 0.3991 0.3991 289 -289 289 -289 
Level 2-4 Interior 0.1497 0.1247 6.768E-03 0.0013 0.3991 0.3991 214 -214 214 -214 
Level 5 Exterior 0.1497 0.1247 6.768E-03 0.0019 0.3991 0.3991 161 -161 161 -161 
Level 5 Interior 0.1497 0.1247 6.768E-03 0.0022 0.3991 0.3991 160 -160 160 -160 
Level 6-R Exterior 0.1497 0.1247 6.768E-03 0.0017 0.3991 0.3991 158 -158 158 -158 
Level 6-R Interior 0.1497 0.1247 6.768E-03 0.0024 0.3991 0.3991 157 -157 157 -157 
Where:  
A = Beam cross sectional area 
AS = Effective shear area, assumed as ܣܵ = ହ଺ܣ 
I = Section moment of inertia 
RF = Bi-linear factor (flexure), ܴܨ = ଵ௞0 ሺெೠ−ெ��ೠ−��ሻ 
H1 = Plastic hinge length at end 1, ܮ௣௕ = Ͳ.Ͳͺܮ + Ͳ.Ͳʹʹ���௕  
H2 = Plastic hinge length at end 2 
MY1+ = Positive yield moment (end 1) 
MY1- = Negative yield moment (end 1) 
MY2+ = Positive yield moment (end 2) 
MY2- = Negative yield moment (end 2) 
The Modified Takeda Hysteretic Rule (IHYST=4) was adopted in modelling beam behaviour under 
cyclic loading, illustrated as Figure 8- 13, and Table 8- 5 summarises the values of hysteretic 
parameters applied during modelling.  
 
Figure 8- 13: Modified Takeda hysteretic rule (IHYST=4) 
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Table 8- 5: Modified Takeda hysteresis parameters applier during modelling 
Parameters α β NF KKK 
Value 0.3 0.6 1 2 
Where: 
α = Unloading stiffness 
β = Reloading stiffness 
NF = Reloading stiffness power factor 
KKK = 1 unloading as in DRAIN-2D  
2 unloading as by Emori and Schnobrich 
For column elements, the interaction of moment and axial load was properly specified during 
modelling. Table 8- 6 provides a summary of the calculated column moment-axial load interaction 
characteristics. 
Table 8- 6: Summary of column characteristics 
Columns A (m) 
AS 
(m2) I (m
4) H1 (m) 
H2 
(m) 
PYC 
(kN) 
PB 
(kN) 
MB 
(kNm) 
M1B 
(kNm) 
M2B 
(kNm) 
M0 
(kNm) 
PYT 
(kN) 
Level G-4 
Exterior 0.21 0.17 3.64E-03 0.27 0.27 -6904 -4621 300 480 518 300 2038 
Level 5-R 
Exterior 
Level 6-R 
Interior 
0.21 0.17 3.64E-03 0.27 0.27 -5664 -4319 130 325 357 130 679 
Level G-4 
Interior 0.21 0.17 3.64E-03 0.27 0.27 -6904 -4873 246 418 455 246 2038 
Level 5 
Interior 0.21 0.17 3.64E-03 0.27 0.27 -6284 -4688 178 356 391 178 1359 
Fukada Degrading Tri-linear Hysteretic Rule (IHYST=14) was adopted in modelling column 
behaviour under cyclic loading, illustrated as Figure 8- 14, and Table 8- 7 summarises the values of 
hysteretic parameters applied during modelling. 
 
Figure 8- 14: Fukada degrading tri-linear hysteresis 
Table 8- 7: Fukada hysteresis parameters applier during modelling 
Parameters α β FCR(i)+ FCR(i)- 
Level G-4 Exterior 0.6746 0.3 28 -28 
Level 5-R Exterior & Level 6-R Interior 0.2958 0.3 28 -28 
Level G-4 Interior 0.5391 0.3 28 -28 
Level 5 Interior 0.3937 0.3 32 -32 
Where: 
α = Bi-linear factor (cracking tor yield),� = ଵ௞0 ሺெ�−ெ���−��ሻ 
β = Unloading stiffness factor (see Takeda parameter α) 
FCR(i)+ = Cracking moment or force at i 
FCR(i)- = Cracking moment or force at i 
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8.3.3. Rigid Link Model 
To connect the beam and column elements to the joint springs, rigid elements were assumed. For 
these rigid links, the relationship ܫ௥௜௚௜ௗ = ͷܫ௚௥௢௦௦ was assumed. 
8.3.4. Other Issues Regarding Developing Model of the Entire Structure 
The following list includes some issues regarding developing the model for the entire structure, which 
are not discussed in the previous sections. 
 It is worth noting that the upper column end was slaved to the lower column end in lateral 
translation and rotation. (It is worth noting that there are mistakes found in Galli’s code file.) 
 The linear lateral loading pattern was applied during numerical modelling, as well as during 
carrying out the improved simplified analytical approach, for the purpose of simplicity. 
 The degradation of beam and column strength was not properly modelled. However, the 
analysis parameters associated with the shear strength degradation of the exterior joint 
proposed by Galli was applied during modelling. 
 The interaction between the foundation and the super-structure was not properly modelled. 
 The secondary components and non-structural components were not properly modelled. 
 
Figure 8- 15: Illustration of proposed model 
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8.4. Pushover and Adaptive Pushover Analysis 
A nonlinear pushover analysis can be achieved by using a force excitation with a slow ramp loading 
function without introducing significant interior forces. According to RUAUMOKO Theory Section 
7.7, two major difficulties associated with the conventional pushover analysis are: 
 To assess how much to increase the load without causing the analysis to fail because the load 
has exceeded the capacity of the structure. During modelling, a ramp of 2kN/s was assumed. 
 The pushover loading pattern applied in the normal pushover analysis may be inappropriate, 
especially when a structure is in its post-yield state. In Table, alternative loading patterns are 
shown. 
Table 8- 8: Alternative pushover loading patterns (RUAUMOKO Theory, Section 7.7) 
Linear defined in 
NZS 4203: 1992 
Profile defined 
in NZS 1170:5 Uniform 
Outward 
Parabolic 
Inward 
Parabolic 
     
Figure 8- 16 shows the pushover curves computed under different loading patterns for a prototype 6-
storey frame analysed as an example shown in RUAUMOKO Theory, Section 7.7. Since the actual 
lateral load profile should vary corresponding to the displaced shape of the structure as discussed in 
Section 4.4, neither of the illustrated pattern in Table 8- 8 can provide a good approximation of the 
actual load profile. As discussed in Section 4.4, NZSEE 2006, EN 1998-3 and NTC 2008 suggest that 
at least two patterns should be applied in the analysis, with at least one from modal-type of patterns 
and at least one from uniform-type. However, ASCE 41-13 recommends that a single pattern that is 
based on the first mode shape should be applied. During modelling Frame 1 of Building No.21, a 
linear loading pattern was used, for the reason that the same linear loading pattern was applied in the 
improved “by-hand” pushover analysis and consistency were kept in carrying out both analyses. 
Therefore, it was expected that uncertainties were introduced to the modelling results. More 
discussions regarding the results are shown in Section 8.5. 
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Figure 8- 16: Pushover curves computed with different load patterns for a prototype 6-storey frame 
(RUAUMOKO Theory, Section 7.7) 
Adaptive pushover analysis, in which the input load pattern is adapted as the structure deforms, can 
automatically terminate when the capacity of the structure is reached, and was also applied to model 
Frame 1 of Building No.21. During modelling, the linear loading pattern was chosen as the initial 
pattern in the analysis, and the loading patterns afterwards reflected the deformation pattern of the 
structure, which were independent of the initial pattern. It is worth noting that the choice of the initial 
load pattern can influence the number of steps required to reach the structure’s capacity.  
Figure 8- 17 shows the pushover curves computed for the prototype 6-storey frame in RUAUMOKO 
Theory, by an adaptive pushover analysis and the conventional pushover analysis. As shown in Figure 
8- 17, it can be deduced that the adaptive pushover analysis can yield results that are more consistent 
with the characteristics of the structure under consideration.  
 
Figure 8- 17: Pushover curves computed by adaptive pushover analysis versus conventional pushover analysis 
for the prototype 6-storey frame (RUAUMOKO Theory, Section 7.7) 
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8.5. Expected Outputs and Validation of Deficiencies of the Current 
Approach and Proposed Improvements 
 
Figure 8- 18: Pushover curves computed from the conventional pushover analysis and the adaptive pushover 
analysis with RUAUMOKO2D for the case study structure Frame 1 of Building No.21 
In Figure 8- 18, the pushover curves computed for Frame 1 of Building No.21 by a conventional 
pushover analysis (with the assumption of linear loading pattern) and an adaptive pushover analysis 
are presented. The conventional analysis yielded a lateral load capacity of 636kN, while the adaptive 
analysis gave 579kN, which is of approximately 15% difference. Significant difference was found in 
the ultimate displacement capacity. The conventional analysis yielded 157mm, while the adaptive 
analysis gave about 70mm. 
As discussed in Section 7.3.5, the current simplified analytical approach yielded a lateral load 
capacity of 900kN ~ 1100kN (the values varied due to the different procedures to estimate the 
effective height of the structure), and it yielded an ultimate displacement capacity corresponding to 
the predicted failure mechanism. For instance, for the mechanism of beam sidesway without failure of 
joints and columns, the ultimate displacement capacity was estimated as 568mm ~ 650mm (the values 
varied due to the difference procedures to estimate the effective height of the structure); for the 
mechanism beam sidesway with interior joint failure at lower levels, the displacement capacity was 
approximated as 310mm; and for the mechanism with column shear failure at bottom level, the 
displacement capacity was assessed to be 155mm. By comparing the results from the current 
simplified analytical approach to those from the numerical modelling, as the pushover curves shown 
in Figure 8- 19, it can be inferred that the current simplified analytical approach tends to miss the 
correct failure mechanism, leading to considerable overestimation of the lateral load capacity and the 
displacement capacity of the structure. Hence, the limitations and deficiencies of the method 
discussed in Section 4.6.3 and Section 5.6 (Table 5- 10) are validated; in other words, the comparison 
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between the pushover curves obtained from the numerical modelling and the current simplified 
analytical approach confirms the need to improve the current analytical approach. 
 
Figure 8- 19: Comparison of pushover curves computed from the current simplified analytical approach and 
numerical modelling for the case study structure Frame 1 of Building No.21 
 
Figure 8- 20: Comparison between the upper and lower bounds computed from the improved analytical 
approach and the pushover curve from the numerical modelling for the case study structure Frame 1 of Building 
No.21 
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As shown in Figure 8- 20, the pushover curve computed from the numerical modelling is bounded 
between the lower limit and the upper limit which were analytically estimated by assuming column 
sidesway and beam sidesway mechanism respectively. The comparison proves the rationality of the 
estimated lower and upper bounds, however, it is worth recognising that the boundaries should be 
refined depending on the potential response of the structure. For example, if a structure is predicted to 
have higher possibility to undergo column sidesway mechanism, then the upper bound should be 
correspondingly reduced. 
The sequence of mechanisms obtained from the numerical modelling is summarised in Table 8- 9. By 
comparing to Table 7- 28 (Section 7.3.5.3) in which the sequence predicted by the improved 
simplified analytical approach with Portal Frame Method is recorded, it can be confirmed that the 
improved approach indeed provides good approximation of the sequence of mechanisms. 
Table 8- 9: Approximation of sequence of mechanisms from numerical modelling 
Sequence of mechanisms from numerical modelling 
Level 5 exterior beam flexural hinging 
Level 5 interior beam flexural hinging 
Level 2 interior beam flexural hinging 
Level 3 interior beam flexural hinging 
Level 6 exterior beam flexural hinging 
Level 6 interior column flexural hinging 
Level 4 interior beam flexural hinging 
Level 2 interior column flexural hinging 
Level 6 exterior column flexural hinging 
Level 1 interior beam flexural hinging 
Level 5 interior column flexural hinging 
Analysis terminated 
 
 
Figure 8- 21: Comparison between the pushover curves computed from the improved analytical approach with 
Portal Frame Method and from the numerical modelling for the case study structure Frame 1 of Building No.21 
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However, as shown in Figure 8- 21, the improved simplified analytical approach with Portal Frame 
Method yielded higher lateral load capacity (i.e. approximately 840kN, between 810kN (level 6 
interior joint shear failure) and 880kN (level 5 interior column hinging)) compared to the capacity 
obtained from the numerical modelling (i.e. 636kN or 579kN, values varied depending on the level of 
sophistication of the analysis). Such significant difference may due to the listed reasons shown as 
following. 
 In reality, one side of exterior columns should resist G+ΨcQ+E, while the other side should 
resist G+ΨcQ-E. However, during carrying out the improved simplified analytical approach 
with Portal Frame Method, the exterior columns on the two sides were assumed to resist same 
level axial load, i.e. G+ΨcQ+E, for the reason that the by-hand calculation process can 
become very complicated considering different capacities of the exterior columns on the two 
sides. Therefore, this simplification of calculation led to overestimation of the lateral load 
capacity. In Figure 8- 22, the blue curve was computed without considering the effect of axial 
load on the column flexural capacity (i.e. column flexural capacity computed under “zero-
loading”), and a lateral load capacity of about 640kN was estimated. This provides evidence 
that the estimation of the lateral load capacity can be influenced significantly with the level of 
accuracy of the axial load assessed on the columns. 
Also, as discussed in previous chapters, the interior columns of the same level were also 
assumed to have same capacity, subjected to same level of axial load G+ΨcQ, ignoring the 
seismic induced axial loading on these interior columns. 
 During carrying out the improved simplified analytical approach, no component strength 
degradation was taken into consideration. 
 The deformation due to shear was not able to calculated with the improved simplified 
analytical approach, thus, this led to an underestimation of the displacement capacity and an 
overestimation of the lateral load capacity.  
 It is worth noting that the application of the linear loading pattern should not be a cause of the 
difference, as in the both analytical and numerical approach, same linear loading pattern was 
used. In the adaptive pushover analysis, as discussed previously, the loading pattern varied 
with the displaced shape. 
Thesis Page 260 
 
 
Figure 8- 22: Effect of the level of axial load resisted by exterior columns 
 
Figure 8- 23: Comparison between the pushover curves computed from the improved analytical approach with 
Portal Frame Method (with application of displaced shape under critical mechanism in DB approach) and from 
the numerical modelling for the case study structure Frame 1 of Building No.21 
In Figure 8- 23, the bilinear pushover curves by applying the displaced shape corresponding to the 
failure mechanism predicted by Portal Frame Method in the displacement-based assessment approach 
is shown. By comparing to the modelling results, it can be confirmed that these bilinear pushover 
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curves can provide good approximation of the lateral load capacity. As discussed previously, the 
difference in the displacement capacity estimated and the displacement given by numerical modelling 
is mainly due to not considering shear deformation during carrying out the improved simplified 
analytical approach. Hence, the rationality of the improved simplified analytical approach with Portal 
Frame Method (incl. Evaluation of Strength Hierarchy) is still proved. 
In order to validate the improved approach that adopts Component Analysis Model and Global 
Structure Model, numerical modelling may needs to be conducted for all those building cases which 
the Models were developed from. This may involve great research effort, and should be continued in 
future researches. 
In Table 8- 10, the results from all the simplified analytical approaches and the numerical modelling 
are presented.  
Table 8- 10: Summary of lateral load capacity and ultimate displacement capacity 
Approach Current SLaMa 
Current 
NZSEE 
Upper 
bound 
(DBD 
shape) 
Upper 
bound 
(BS) 
Lower 
bound 
(5CS) 
PFM 
(5InCol) 
PFM with 
yield 
assumption 
(5Incol) 
Numerical 
modelling 
(conventional 
pushover) 
Numerical 
modelling 
(adaptive 
pushover) 
Lateral Load 
(kN) 900 1081 924 1002 573 593 593 636 579 
Yield 
displacement 
at top level 
(mm) 
155 155 70 70 70 70 70 ≈ 63 ≈ 60 
Ultimate 
displacement 
at top level 
(mm) 
155, 310, 
568 650 293 122 97 96 113 157 70 
%NBS 
23%, 
45%, 
83% 
20%, 
40%, 
84%    
20% 24% 
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CHAPTER 9 Discussion 
9.1. Overall Assessment Procedures 
Table 9- 1: A concise flowchart of building assessment and retrofit with a detailed illustration showing 
assessment at component level and global level with the Portal Frame Method) 
Material Level 
Section Analysis Component Level 
(or Subassembly 
Level) 
Structural Analysis 
Global Level 
     
 Concrete 
 Reinforcing 
steel 
 Moment-
curvature 
 Force-
deformation 
 Flexure-axial 
load 
 Flexure-shear 
Etc. 
 Beam 
 Column 
 Joint 
 Wall 
 Masonry infill 
wall 
 Component 
analysis models 
Etc. 
 Linear Static Analysis 
 Linear Dynamic Analysis 
 Simple Lateral Mechanism 
Analysis (current) 
 Improved SLaMa with the 
evaluation of strength 
hierarchy and 
determination of lower and 
upper bounds of lateral 
load capacity 
 Improved SLaMa with 
evaluation of strength 
hierarchy and Portal Frame 
Method 
 Adoption of component 
analysis models and global 
structure models 
 Nonlinear Static Analysis 
 Nonlinear Dynamic 
Analysis 
 Frame 
 Frame with 
infills 
 Shear wall 
 Dual 
system 
 Global 
structure 
models 
Etc. 
Table 9- 1 gives a concise flowchart of building assessment procedure. The assessment should be 
carried out at three levels, i.e. material level, component level (or/and subassembly level), and global 
level as discussed in the previous chapters. At material level, material properties (i.e. concrete and 
reinforcing steel for reinforced concrete structures) should be assessed following the procedures 
discussed in Section 3.3.3 and Section 5.2. At component level, the properties and capacities of 
primary components (e.g. beams, columns, joints, walls, etc.) should be determined following the 
procedures shown in Section 3.3.4 and Section 5.3, and the evaluation of strength hierarchy at 
subassembly level should be performed following the procedure shown in Section 5.4. To predict the 
structural response at global level based on the assessment of components, different structural 
analyses can be chosen from (see Section 3.3.5 and Chapter 4), among which the simplified analytical 
approaches are discussed in Section 4.6, 5.4 to 5.6. 
Table 9- 2 provides a brief summary of codified assessment procedures, including information 
regarding assessment at material level, section analysis, assessment at component level (or 
subassembly level) and structural analysis from NZSEE 2006, ASCE 41-13, EN1998-3:2005 and 
NTC 2008. The detailed information together with the discussions of differences is shown in Chapter 
3 and Chapter 4. 
Thesis Page 263 
 
Table 9- 2: Brief summary of codified assessment procedures to determine global structural responses 
Codified 
Assessment 
Procedures 
Material Level 
Section 
Analysis 
Component Level (or 
Subassembly Level) 
Structural Analysis 
NZSEE 2006 
 
Material probable 
strength from: 
 Testing 
 Approximation 
 Some concrete 
history, 
information,  
 Some 
reinforcing steel 
history 
information 
Material strain 
properties from: 
 Design standards 
or design 
experiences 
 Mander Model 
or other 
equivalent 
models 
To calculate 
flexural 
strength:  
 Preliminary 
design 
method 
(from 
design 
standards) 
 Hand 
calculation 
(from 
design 
standards) 
 Section 
analysis 
computer 
programs 
To calculate 
shear strength: 
specifications and 
formulae in  
design standards 
Calculation of: 
Beam: 
Flexural strength 
Shear strength 
 
Column: 
Flexural strength 
Shear strength 
 
Beam-Column-Joint: 
Shear strength 
 
Wall: 
Flexural strength 
Shear strength 
NZSEE 2006 Appendix 4E: 
 Equivalent Static 
Analysis  
 Modal Response 
Spectrum  
 Simple Lateral 
Mechanism Analysis 
(SLaMa, i.e. analytical 
“by-hand” pushover 
analysis) 
 Lateral Pushover 
Analysis  
 Inelastic Time History 
Analysis 
NZSEE2006 Section 7 
DSA: 
 Linear Elastic Analysis  
 Simple Lateral 
Mechanism Analysis 
 Lateral Pushover 
Analysis  
ASCE 41-13 
 
Data collection 
consistent with the 
determined knowledge 
level. 
Material expected 
strength from: 
(multiple of lower-
bound strength and 
translating factor) 
 Default values 
 Full concrete 
history 
 Full reinforcing 
steel history 
 Testing 
Material strain 
properties from: 
 Design standards 
 Experimental 
evidence 
Determine values 
of modelling  
parameters 
Component force-
deformation or normalised 
force-deformation ratio  
model with numerical 
acceptance criteria 
 
Modelling parameters and 
numerical acceptance 
criteria of both linear and 
nonlinear analysis are 
summarised in tables for 
beams, columns, joints, 
shear walls, slabs, 
foundations, infills, etc.  
Tier 1 Screening Procedure:  
Simplified LSP with quick 
calculation 
Tier 2 Deficiency-based 
Evaluation:  
 Linear Static Procedure  
 Linear Dynamic 
Procedure  
Tier 3 Systematic 
Evaluation:  
 Linear Static Procedure  
 Linear Dynamic 
Procedure  
 Nonlinear Static 
Procedure  
 Nonlinear Dynamic 
Procedure 
Computer analysis programs: 
SAP2000, Advanced, STAAD 
Pro Nonlinear, PERFORM, 
ANSYS, etc. 
EN1998-
3:2005 
Material strength 
from: 
 Testing 
 Design standards 
To calculate 
flexural strength, 
shear strength, 
and acceptance 
criteria:  
apply 
specifications and 
formulae in  
design standards 
Calculation of: (acceptance 
criteria in terms of shear 
force corresponding to 
different limit states) 
Beam: flexural and shear 
strength 
Column: similar to 
calculation of beam  
Beam-Column-Joint: 
shear strength  
Wall: flexural and shear 
strength 
Knowledge Level 1:  
 Linear Static Procedure  
 Linear Dynamic 
Procedure  
Knowledge Level 2/3:  
 Linear Static Procedure  
 Linear Dynamic 
Procedure  
 Nonlinear Static 
Procedure  
 Nonlinear Dynamic 
Procedure  
NTC 2008 Similar to EN1998-
3:2005 
Similar to 
EN1998-3:2005 
Similar to EN1998-3:2005 Similar to EN1998-3:2005 
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Chapter 5 presents all proposed improvements to the current New Zealand assessment guidelines, 
following the same order of “material level – component level – global level”. The details are not 
repeated in this section. 
It is worth noting that different levels of sophistication of assessment involve in the assessment at 
material level, component level or global level. The quality of the collected material information can 
influence the accuracy of the calculated component capacities, and hence, influence the calculation at 
the global level. Also, the quality of the assessed component capacities can influence the choice of 
analyses to be adopted to predict the global response. However, in spite of the different levels of 
sophistication, there is possibility that similar predictive results are still obtained. Therefore, it is 
important that engineers or practitioners should determine the appropriate required level of 
sophistication (i.e. most efficient) based on assessment or retrofit target and the available supporting 
resources (i.e. information, time, research efforts, money, etc.). It is also important to decide whether 
there is need to improve the sophistication of the assessment. For instance, if it is discovered that the 
application of a more sophisticate analysis can only provide similar results compared to the simplified 
analysis, then the simplified analysis is preferred since it is sufficient enough to meet the required 
level of sophistication. 
9.2. Knowledge Factors and Confidence Factors 
The knowledge levels specified in ASCE 41-13 and EN 1998-3: 2005 help the engineers and 
practitioners to determine of the appropriate level of sophistication corresponding to the available 
material information and other input data. These codified procedures also provide the ways to refine 
the available information, for instance, the procedure to conduct physical material testing, 
recommendation of on-site invasive investigation, and so on. However, as discussed in Section 9.1, 
the engineers or practitioners should be aware of the need to acquiring more information and 
improving the accuracy of the available information. 
 
Figure 9- 1: Illustration of probable flexural and shear strengths for individual components with influence of 
refining input material data 
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As shown in Figure 9- 1, with the improvement of the accuracy of the input material information (i.e. 
the variation of the mean material strengths is reduced), the deviation of the mean component flexural 
and shear capacity are reduced (i.e. the band widths of variation rages of the mean capacities are 
narrowed), leading to more accurate estimation of the component capacities. The reduced over-lapped 
area indicates that the confidence level of calculated component capacities is increased. It is likely 
that the improvement does not have significant impact on the sequence of mechanisms at subassembly 
level (i.e. for a joint) nor at global level.  
However, if the mean material strengths are altered (i.e. originally, the wrong strengths were applied 
in calculation, or the quality of the data was very bad), the mean component capacities will also be 
altered, accordingly, as shown in Figure 9- 2. It is also worth noting that the improvement of 
component capacity calculation may alter the mean component capacities as well. The alternation can 
result in either lower or higher confidence level in the outputs. For the case in which the confidence 
level is reduced (i.e. the overlapped area is increased), it is likely that the sequence of mechanisms at 
subassembly level (i.e. for a joint) can change, as shown in Figure 9- 3; and hence, it may affect the 
global structure response, leading to a different failure mechanism, as shown in Figure 9- 4.  
 
Figure 9- 2: Illustration of probable flexural and shear strengths for individual components with influences of 
refining input material data and improving strength calculation 
                       
Figure 9- 3: Illustration of potential changes of strength hierarchy at local level (left: sequence of mechanisms 
is changed; right: sequence of mechanisms is not changed) 
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Figure 9- 4: Illustration of change of failure mechanism or sequence of mechanism at global level 
Therefore, conclusion can be drawn as: if it is verified that the variations of input material data and 
component capacity calculation have insignificant impact on sequence of mechanisms, effort and time 
can be saved by only applying less sophisticated assessment without refining input data or calculation 
process. 
In order to confirm the conclusion, sensibility test was carried out for the building case study shown 
in Chapter 7. The assessment results indicate that with changes of material strengths, the hierarchy of 
strength at subassembly level and global level was not significantly affected for the case study 
Building No.21 Frame 1. Further study is required to illustrate more examples where the sequence of 
mechanisms significantly changes due to variation of material data and component capacities.  
It should be noticed that future researches are required regarding defining and application of 
knowledge levels and knowledge factors. SAFER Group members Alessandro De Pra and Simona 
Bianchi may have further investigation of this. 
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9.3. Demand and Capacity (FB, DB and ADRS) 
In the current New Zealand assessment guidelines, acceleration spectrum and displacement spectrum 
is applied to determine demand. In Figure 9- 5 and Figure 9- 6, the acceleration and displacement 
spectrum at different ductility levels are shown. 
 
Figure 9- 5: Demand determined from acceleration spectrum 
 
Figure 9- 6: Demand determined from displacement spectrum 
It can be proposed that with the computed pushover curves (i.e. representing capacity of the structure), 
the acceleration-displacement format of demand (i.e. ADRS) is more straightforward to apply. In 
other words, the pushover curve can be plotted together with demand in the same acceleration-
displacement scheme (Displacement-Based Seismic Design of Reinforcement Concrete Buildings, FIB 
State of Art Report). This can be done by dividing the computed base shear by the seismic weight. 
The performance point is described as the intersection of the capacity curve and the acceleration-
displacement response spectrum of the effective damping ratio. %NBS can be determined by %NBS = UsౙUsౚ , where Usc is the ultimate displacement capacity and Usd is the displacement at 
performance point.  
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Figure 9- 7: Demand determined from capacity spectrum (ADRS format) 
For mixed sidesway mechanism with properly assumed displaced shape from Portal Frame Method, it 
was calculated: 
Approach μsc Cd(T) T (s) Sd(T) (mm) 
Usc (at 
Heff) (mm) 
Usc(at top) 
(mm) 
Improved SLaMa with PFM – displaced 
shape 1.341 0.228 2.100 249.767 73.056 95.713 %NBS = UsୡUsୢ = ͹͵.Ͳͷ͸ʹͶͻ.͹͸͹ = ʹͻ.ʹͷͲ% < ͵͵% 
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9.4. Application of Simplified Assessment Procedures in Practice 
It has been acknowledged that if a simplified assessment procedure can provide robust estimation of 
actual structural response without involving complicated analysis or large amount of time and expense, 
such procedure is favourable in practice without doubt. However, the current SLaMa fails to compute 
robust outcomes, and the improved ones still need to be modified with future researches and 
investigations. Hence, in practice, the engineers or the practitioners prefer to conduct a numerical 
analysis, which usually takes more time and expense. 
However, it has also been acknowledged that the application of a sophisticated analysis (e.g. 
numerical modelling) does not guarantee good prediction of structural response, for the reason that 
such analysis usually requires more understanding or knowledge of the structure, seismic 
characteristics, etc, as discussed in Chapter 4. One of the most critical issues is that the analysis 
cannot generate good results unless the components are appropriately modelled. For example, the 
joint failure mechanism will still be missed unless the joint regions are not properly modelled; the 
shear failure of column due to the interaction with infilled walls will not be predicted unless the 
inflled walls are correctly modelled, etc.  
Therefore, it is still proposed that a simpler analytical approach should be carried out before initiating 
a sophisticated analysis. By performing a simpler approach, the following can be obtained: 
 The quality of input data (e.g. material properties, building information, etc.) and the need of 
refining data or collecting more data 
 The capacities of components (structural and nonstructural) and the need of refining and 
improving the calculation 
 The possible behaviour of the structure in a seismic event 
 The need of further assessment with more sophisticated analyses 
If a further assessment with more sophisticated analyses is needed, the results from the further 
assessment should be cross-checked by the results (i.e. margins) from the simplified procedure. 
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CHAPTER 10 Conclusion 
To conclude, this thesis provides evaluation of the capability of the simplified seismic vulnerability 
assessment procedures for reinforced concrete structures (mainly for frame-type of structures in this 
research) following the Canterbury Earthquake sequence. In each of the chapters, brief introduction, 
discussion and conclusive comments are included. Therefore, the details are not repeated in this final 
conclusion part, and brief conclusion with bullet points are shown in the following. 
 The research provides a general reviews and critical comparison of the codified seismic 
assessment procedures. The main differences were found in: 
i.  Preliminary evaluation stage; 
ii. Defining of knowledge levels and application of knowledge factors; 
iii. Assessment at material level;  
iv. Assessment at component level; 
v. Analysis approaches. 
Special focus was given regarding the simplified analytical approach adopted in the 
alternative assessment procedures. SLaMa was found to be the unique simplified analytical 
approach, from New Zealand assessment guidelines. 
 Based on the understanding of the seismic assessment procedures that are available around 
the world, by comparing the current NZSEE 2006 assessment guidelines to the alternative 
procedures, the deficiencies of NZSEE 2006 were identified, and proper suggestions to 
improve NZSEE 2006, in this thesis, mainly SLaMa, were made. 
i. Improvement associated with the identification of the required level of sophistication 
in assessment, i.e. the potential adoption of knowledge levels and knowledge factors; 
i. Improvement associated with assessment at material level and component level, i.e. 
the determination of material and component properties and strengths, based on (1) 
construction documents, structural drawings, survey data, on-site investigations, 
physical testing, etc.; (2) the past and the current New Zealand design standards, i.e. 
design history; (3) the most advanced knowledge acquired from the latest researches 
and experimental work; (4) knowledge, along with suggestions and instructions, from 
the alternative assessment standards or guidelines. Detailed suggestions regarding 
materials (i.e. concrete and reinforcing steel) and components (i.e. mainly beams, 
columns, joints, and walls) were given. Discussions were made concerning the 
secondary structural components and nonstructural components that such components 
together with their interaction with the primary structural components should be 
properly assessed. 
Thesis Page 271 
 
ii. Improvement associated with assessment at subassembly level, i.e. the evaluation of 
strength hierarchy. 
iii. Improvement associated with assessment at global level (1) improving SLaMa with 
the evaluation of strength hierarchy and the determination of lower and upper bounds 
of lateral load capacity; (2) improving SLaMa with the determination of sequence of 
mechanisms by Portal Frame Method; (3) improving SLaMa with the adoption of 
generalised component analysis models and global structure models; (4) improving 
SLaMa with the application of the approach to shear wall structures. The applicability 
of the improvements made to SLaMa (frame) was discussed, shown in Table 5- 10. 
 A brief study of building databases was provided, including introducing information of: 
i. Introduction of CHCH CBD Building database and the Refined RC Building database 
ii. The observed damages recorded in the building databases 
iii. Building information, including (1) discussion on different knowledge levels; (2) 
building typology; (3) material properties and strengths; (4) component properties 
and strengths; (5) results from initial seismic evaluation. 
 The need to improving the current SLaMa, and the capability of the different improved 
SLaMa procedures were evaluated carrying out the current SLaMa and the improved SLaMa 
procedures for case study building.  
i. The deficiencies of the current SLaMa were confirmed by showing the significant 
overestimation of lateral load capacity and displacement capacity, with some other 
issues highlighted, such as the determination of effective height, the difference 
between the forced-based and the displacement-based procedure, etc.. 
ii. The improved SLaMa with the evaluation of strength hierarchy and the determination 
of lower and upper bounds was proved to be working well along with more 
sophisticated analyses.  
iii. The improved SLaMa with the determination of sequence of mechanisms was proved 
to be robust though the large amount of hand calculation may make it difficult to 
apply in practice. Some other issues of Portal Frame Method were also confirmed by 
the outcomes, for instances, the deformation of the structure due to shear actions, 
assumptions made for the simplification purposes, and so on. 
iv. The improved SLaMa with the adoption of generalised component models and global 
models was not evaluated in this research. However, it was expected this is the 
optimal approach that is highly applicable in practice. Future researches and 
investigations are required, including parametric study of building representatives 
selected from building database, analytical and numerical analyses of these building 
representatives, and so on. 
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v. The need to define the required sophistication depending on knowledge levels in 
assessment at different levels was confirmed by investigating into the influences on 
the assessment outcomes due to the change of material or component strengths. 
 The validation of the improvements made was achieved by comparing the assessment results 
from the different improvement SLaMa procedures to the observed damages and the 
outcomes from numerical modelling. 
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